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SUMMARY 
 Stricter regulations in emissions for pollutants such as NOx and greenhouse gases 
such as CO2 has led to the development of cleaner combustion systems. Lean premixed 
combustion is an attractive avenue for gas turbine combustion systems. Premixing the fuel 
and oxidizer for leaner compositions leads to reduced combustion temperature and hence 
lower emissions. Due to the nature of turbulence and combustion, these systems are 
characterized by a large set of time, length and velocity scales due to the nature of 
turbulence and combustion. A significant effort has been made to understand this 
interaction of turbulence with combustion for different fuels, compositions and inlet 
conditions. Even though there are a lot of open questions in turbulent combustion, strides 
have been made in understanding flame-flow interactions and its impact on flame structure 
and propagation speeds which in turn has led to the development of closure models 
required by Large eddy simulations and Reynolds averaged Navier-Stokes equations.  
Of all the interactions, turbulence-chemistry interactions are the least understood 
primarily due to the difficulty in obtaining responses for a large number of species from 
laser diagnostics and stiffness of the equations for simulations which leads to very small 
time steps leading to high computational costs. It is essential to understand this interaction 
as it can directly lead to alteration of flame structures and fundamental quantities of a 
reacting mixture such as auto-ignition times and blow-off behavior. Even though 
experimentally studying turbulence-chemistry interactions and its underlying physics is 
still difficult, improvements in computational resources has allowed the usage of detailed 
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chemical mechanisms for direct numerical simulations which can resolve all time and 
length scales.  
Understanding turbulence-chemistry interactions for different fuels is the primary 
focus of this thesis. This is accomplished by analyzing datasets for turbulent flames with a 
canonical “flame-in-a-box” configuration with increasing turbulent intensities for 
premixed hydrogen/air, methane/air and n-dodecane/air flames. These results are 
compared with computations of unstretched flames, stretched flames and perfectly stirred 
reactors. The analysis is broadly divided into two categories: 
a) Understanding the impact of increased turbulence on the overall chemical 
pathways through a “global” analysis.  
b) From a modeling perspective, understanding the impact of turbulence on the 
chemical flame structure through a “local” analysis. 
First, a “global” analysis of different metrics to quantify pathways is analyzed. 
These metrics include heat release and key species consumption and production pathways. 
An integration based method is developed to analyze multi-dimensional data i.e. 3D 
turbulent flames, 1D unstretched and stretched flames and 0D perfectly stirred reactors. 
For the “global” analysis the integrated values are averaged across the flame surface for 
the turbulent flames and compared with integrated values from unstretched and stretched 
flames along with point data from perfectly stirred reactors for all the three fuels 
considered. The “global” data for turbulent flames is also conditioned on local topology 
and fuel consumption to analyze feature specific chemical pathways for the different 
metrics and compared with their global counterpart.  
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Second, a “local” analysis of the reaction rates, heat release and fuel consumption 
based on conditional means is performed for the turbulent flames to understand the effect 
of turbulence on the chemical flame structure. These results are compared with the 
equivalent 1D profiles obtained from unstretched and highly stretched flames (close to 
extinction). This comparison is essential to see if the variation in the reaction rates with 
increasing turbulence can be represented using simple laminar models such as unstretched 
and stretched flames. The development of laminar flamelet libraries for LES and RANS 
uses the results from these simplified models for tabulation. It is, hence, useful to gain 
insight into conditions where they perform well and conditions where the model may break 
down.  
Third, simplified transport models are compared to explain the changes in the 
reaction rate profiles obtained from the “local” analysis. The models tested include 
mixture-averaged transport (a common model for species transport in DNS, LES and 
RANS), unity Lewis number transport and mixture-averaged transport with an artificial 
constant diffusivity (which can mimic increased turbulence diffusivity with increasing 
turbulence intensities).  
The results show a striking similarity in the pathways for stretched flames, perfectly 
stirred reactors and turbulent flames for hydrogen and methane, and between stretched 
flames and turbulent flames for n-dodecane flames. The variation in results between the 
turbulent flames and perfectly stirred reactors for n-dodecane flames is attributed to 
thermal effects. Local conditioning of the global results reveals changes in chemical 
pathways within different topologies and fuel consumption for all three fuels. Even though 
the dominant reactions are fairly invariant to the effects of turbulence, reactions of 
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secondary importance show a much stronger sensitivity to increasing turbulence intensities 
which may not be captured by the laminar flames. A “local” analysis reveals that the 
turbulent flame profiles are well bounded by the stretched flame calculations for all three 
fuels. This analysis also reveals an increased low temperature activity for hydrogen flames 
and reduced low temperature activity for the n-dodecane flames. The methane profiles do 
not show a significant change at lower temperatures. Even though the stretched flame 
calculations bound the turbulent flame profiles, these laminar calculations cannot explain 
the behavior of the turbulent flames with increasing turbulence intensities. Thus, a transport 
model comparison is performed to illustrate the effect of turbulence on the flame profiles. 
Increasing turbulence leads to two-fold effect on the flame: an increased stretch due to 
increased wrinkling and increased diffusivity and hence altered transport. For Le<1 flames, 
the effect of stretch supersedes the effect of increased diffusivity whereas for Le≈1, 
diffusivity plays a stronger role. However, for Le>1 flames, both stretch and increased 
diffusivity drive the characteristics of the turbulent flames. In general, the behavior of the 
flames may not tend to unity Lewis number (unless the global Lewis number is close to 
unity). 
The results presented in this thesis provide further insight into the physics of 
turbulence-chemistry interactions and its impact on the reaction rates and the dominant 
pathways. Additionally, it sets stage for the development of improved and simplified 




CHAPTER 1. INTRODUCTION 
1.1 Motivation 
Turbulent premixed combustion has been a focus of research due to its extensive 
applications in internal combustion engines and gas turbines. Stricter regulations on 
emissions (NOx, unburnt hydrocarbons, smoke, CO) and concerns over the effects of 
greenhouse gases (primarily CO2) on global warming has led to significant research in the 
design and development of the next generation of combustors. Quintessential to this 
development is the improvement in the fundamental understanding of the characteristics 
and dynamics of these flames.  
Typically, these new combustion technologies employ turbulent lean premixed 
flames.  In premixed combustion, the fuel and oxidizer are mixed as homogenously as 
practical. This mixture can either auto-ignite or be ignited using an external source (such 
as a spark plug).  The higher flow rates, required for the operation of these engines, lead to 
turbulent flows within the combustors introducing many interesting and challenging flow 
fields within these combustors. In addition, lean combustion (i.e. less fuel compared to 
stoichiometric proportions) is an excellent candidate that leads to lower emissions under 
appropriate conditions[1].  
Turbulent combustion research encompasses many challenging and interesting 
phenomena. Turbulent flows introduce a spectrum of length, time and velocity scales. 
Turbulent kinetic energy is produced at the larger scales which cascades into the smaller 
scales leading to a strong coupling of these scales. Every flow is characterized by a large 
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scale, typically an integral length (and time) scale, which is a representation of the 
geometry of the problem. Additionally, the smallest scales in the spectrum correspond to 
the Kolmogorov scales, which are isotropic, following Kolmogorov’s hypothesis and have 
universal features under all flow conditions[2].  Combustion, similar to turbulent flows, is 
a multi-scale non-linear problem comprised of reaction and diffusion processes. For a 
laminar premixed flame, the larger length scale corresponds to the flame thickness and a 
corresponding time scale related by the flame thickness and the propagation speed of the 
flame. Combustion chemistry, comprised of thousands of reactions, occurs over time scales 
that cover several orders of magnitude. Additionally, the involvement of numerous species 
introduces a multitude of diffusive time scales. A combination of turbulence and 
combustion thus involves the interaction of a collection of physical phenomena occurring 
at different length/time scales making it a rich area of research.  
Many aspects of turbulent combustion still remain an open area of research. For 
example, flame-turbulence interaction focusses on understanding the effects of turbulence 
on flame wrinkling and flame structure through the effects of curvature and tangential 
straining[3-7]. Flame-flame interaction focusses on transient events when two flames (for 
example, two flames propagating towards each other, or a pocket and main flame 
interaction) interact with each other and variations in the flow field around these flames[8-
11]. Finally, turbulence-chemistry interaction investigates the effect of increasing 
turbulence intensities on the response of the reactions and how these reactions can in turn 
alter the flame structure[12-14]. The primary motivation of this thesis is to understand this 
latter interaction and hence is discussed in detail in the next section. 
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1.2 Turbulence-Chemistry interactions 
The effect of turbulence on chemistry can manifest itself in two ways. The first way 
is through an indirect method wherein the flame structure can alter the chemical reactions 
locally. For laminar flames, the diffusive fluxes are governed by the molecular transport of 
species and heat. However, increasing turbulence intensities leads to increased rates of 
scalar transport through increased turbulence diffusivity. This, in conjunction with the 
molecular transport rates can lead to an overall higher diffusion rates. These changes can 
in turn lead to an altered flame structure affecting macroscopic quantities of interest such 
as flame thickness and propagation speed. The chemical reactions, which are a strong 
function of the local species concentrations and temperature, are thus indirectly altered to 
respond to the modified flame profile.  
The second way is a more direct response of the chemical reactions to turbulence. 
This can occur due to the alteration in the chemical pathways through a sequence of 
elementary reactions. The chemical pathways for simple fuels such as hydrogen and 
methane are well established[1, 15, 16]. To illustrate, Figure 1.1(a) depicts a network 
diagram for the production and consumption of different species and radicals involved in 
the oxidation of lean hydrogen/air reactants for ϕ = 0.4 at Tu = 298K and p = 1atm to water 
(H2O), as predicted by Li et al’s[17] kinetic mechanism. It can be seen, for example, most 
of the fuel (81%) directly forms water (81%) through the reaction, H2+OH→H2O+H. The 
rest of the fuel is indirectly converted to water through the H and OH radicals via different 
reactions such as H+OH+M→H2O+M, HO2+OH→H2O+O2. Figure 1.1(b) shows a 
schematic of the simplified connection diagram of the species/radicals formed in the CH4 
oxidation as predicted by GRIMech 3.0[18] for ϕ = 0.7 at Tu = 298K and p = 1atm. The 
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percentages show how much of a given species is converted to another species. The 
indicated values are calculated using the integrated reaction rates for the reactions involved 
in the mechanism. For example, most of the fuel (99.2%) is converted to the methyl radical 
(CH3). The dominant path then breaks into three branches, as 48.3%, 22.4%, and 10.8% of 
CH3 is converted to CH2O, CH2, and CH3O, respectively. The diagram clearly shows that 
the basic chemical pathway for methane oxidation in laminar flames consists of breaking 
down of methane into the methyl radical, eventually leading to the formation of CO2 
through CH2O, HCO and CO [16]. 
 
Figure 1.1. Chemical pathway for the oxidation of (a) hydrogen using Li et al. 
mechanism [14] (b) methane using GRI Mech 3.0[15] for unstretched laminar flames 
Even for unstretched laminar flames, multiple different pathways for fuel oxidation 
can be observed. In a turbulent environment, the temperature field and the concentration 
fields of various major and intermediate species can be significantly different from a 
laminar flame. This raises an essential question for turbulent flames: 
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Are the relative contributions of different reactions altered in a turbulent flame 
relative to their laminar counterpart? 
This question is particularly significant given that kinetic mechanisms are generally 
validated and benchmarked with measured data from canonical laminar flames, such as 
bomb reactors or steady laminar flames[19].  In addition, flamelet modeling approaches 
generally use libraries developed from laminar calculations for unstretched and stretched 
flames by solving the flamelet equations [20] and it is essential to understand their validity 
in describing chemistry in highly turbulent flow fields. Thus, a second important question 
to be addressed is: 
To what extent do flamelet libraries built on laminar calculations capture the whole 
chemistry picture in turbulent flames? 
After gaining insight into turbulence-chemistry interactions through the above two 
questions, the final question address is: 
Can we use simplified models for turbulence-chemistry interactions rooted in the 
physics of the interaction to understand the changes observed? 
1.3 Current Work 
The scope of the current work is to investigate the effects of turbulence on the 
chemical pathways for lean premixed flames. This is accomplished by analyzing data 
obtained from direct numerical simulations for three different fuels: hydrogen, methane 
and n-dodecane. The 3D data is compared with results obtained from simplified laminar 
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models of unstretched premixed flames, stretched premixed flames and perfectly stirred 
reactors. 
Chapter 2 considers in details the relevant background and literature review for the 
subsequent analysis. First, a detailed discussion about the potential mechanisms for 
turbulence-chemistry interactions is given. This is followed by a description of the 
turbulent premixed combustion regime. Different chemistry models prevalent for modeling 
turbulence-chemistry interactions are discussed. Finally, previous works looking at the 
influence of turbulence on chemistry are reviewed. 
Chapter 3 reviews the details of the numerical procedures utilized for the data 
analysis. First, a concise description of the low Mach number code is given followed by a 
detailed description of the post-processing techniques used for data reduction and the inlet 
conditions for the different cases considered. Next, details of the laminar calculations for 
the different model reactors are discussed. 
Chapter 4 discusses the results obtained for the “global” analysis (integrated and 
averaged across the flame) of the chemical pathways using multiple metrics. This is 
followed by an analysis of these metrics conditioned on local features (such as curvature, 
fuel consumption). 
Chapter 5 examines the results obtained for a “local” analysis. Conditional means 
obtained from DNS are compared and contrasted with their laminar counterpart for 
different metrics (heat release, reaction rates).  
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Chapter 6 attempts to understand the results obtained from the “local” analysis 
using altered transport models. Firstly, the transport models implemented are discussed. 
This is followed by a detailed discussion of the impacts of altered transport on the reaction 
rates for the different fuels.     
Chapter 7 closes this work with a summary highlighting the key observations and 
contributions of the work. This is followed by a scope of future work with the relevant 
unanswered questions.  
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW 
 This chapter discusses the relevant background and literature review relevant to the 
understanding of the work presented in the subsequent chapters. First, the potential 
mechanisms that can lead to significant turbulence-chemistry interactions are discussed. 
Following this, a discussion of premixed turbulent combustion and the regime diagram is 
provided to discuss the interaction of turbulence length/time scales with flame relevant 
length/time scales. Next, a discussion of simplified turbulence-chemistry models used in 
Large-Eddy simulations and Reynolds Averaged Navier-Stokes is provided. Finally, a 
review of the current body of work focusing on turbulence-chemistry interactions and its 
impact on the flame and its dynamics is discussed.  
2.1 Mechanisms of turbulence-chemistry interactions 
2.1.1 Flame stretch 
All flames, whether laminar or turbulent, can experience flame stretch. Flame 
stretch, 𝜅 is defined as the fractional rate of change of the area, A of an infinitesimal 






















Figure 2.1. Schematic of a surface element with velocity 𝑽𝒇 and unit normal 𝒏 in a 
flow field of velocity 𝒗. Adapted from Law and Sung [21]. 





𝑑𝑡 = −𝑛	. ∇		×	 𝑢	×	𝑛 + 𝑢. 𝑛 ∇. 𝑛 
(2.3) 
where 𝑢 is the flow velocity and 𝑛 is the unit normal to the surface. For a premixed flame 
surface which propagates normal to itself, 𝑢. 𝑛  is replaced with 𝑣U. 𝑛 = 𝑢. 𝑛 − 𝑆a 
where 𝑣U	is the flame surface velocity and 𝑆a is the laminar speed of propagation. The 
expression,  −𝑛	. ∇		×	 𝑢	×	𝑛 , is called hydrodynamic stretch and represents the stretching 
of the surface by tangential velocity and is represented as ∇R. 𝑢R. The curvature of a surface, 
𝕂M, is given by −∇. 𝑛 . Positive curvature corresponds to the center of curvature in products 
i.e. convex towards reactants. Thus, the term 𝑣U. 𝑛 ∇. 𝑛 is the stretch due to curvature and 
flame movement.  
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Figure 2.2. Coordinate system schematic for flame stretch derivation. Adapted from 
Lieuwen[22]. 
Equation 2.3 can be manipulated to distinctly illustrate the effects of flow non-uniformities 
and flame surface curvature as: 
𝜅 = −𝑛𝑛:	∇	𝑢 +	∇. 𝑢 − 𝑆a∇. 𝑛 = −
𝜕𝑢
𝜕𝑛 + ∇. 𝑢 + 𝑆a𝕂M  
(2.4) 
where, 𝜕𝑢 𝜕𝑛 represents the gradient of the normal component of the velocity, 𝑢 in the 
normal direction. A combination of the first two terms in Equation 2.4 is called tangential 
strain (𝐾w) and it represents the effect of spatial velocity gradients on flame stretch. 
Additionally, since the flame is typically defined as an iso-surface,  𝑆a can be replaced with 
𝑠B, the displacement velocity of the surface. Thus, flame stretch is given by: 
𝜅 = 𝐾w + 𝑠B𝕂M  (2.5) 
For an unstretched laminar flame, the flame structure with the convective and diffusive 
fluxes is shown in Figure 2.3. 
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Figure 2.3. Schematic of unstretched laminar flame with fluxes 
Unstretched laminar flames are flat and hence 𝕂M = 0. Additionally, the flow is 
uniform with no tangential velocity leading to 𝐾w = 0. Thus, these flames are unstretched. 
A stagnation flame is a good example for stretched flames wherein 𝐾w ≠ 0 since 𝑢R ≠ 0. 
These flames are flat and hence 𝕂M = 0. These flames, thus, experience stretch only due 
to flow non-uniformities. A schematic for stagnation flames is shown in Figure 2.4(right). 
Another example of stretched flames is a Bunsen tip which is shown in Figure 2.4(left). 
For such flames, the tip is curved and hence 𝕂M ≠ 0. 
 




To understand why stretch modifies the flame structure, firstly, a control volume is 
defined such that the sides are defined using streamlines. This leads to diffusive fluxes of 
heat and mass in and out of the control volume but no convective transfer through the sides 
of the control volume. Stretch manifests itself through the misalignment between the 
diffusive and the convective fluxes. The flame is a source for heat and a sink for reactants. 
For the curved flame(Figure 2.4(left)), the heat diffuses into the control volume leading to 
focusing of the heat whereas, the reactants diffuse out of the control volume leading to their 
defocusing. Reaction intermediates can also diffusive into or out of the control volume 
depending on their region of existence. For the stagnation flames(Figure 2.4(right)), heat 
is lost or defocused from the control volume and reactants are gained or focused into the 
control volume. 
Additionally, how much more (or less) heat is lost compared to reactant gain is 
dictated by the Lewis number of the reactants, given by the ratio of thermal diffusivity to 
mass diffusivity. For example, if Le < 1 (or >1), thermal diffusivity is smaller (or greater) 
than mass diffusivity. As a result, the control volume loses less (or more) heat compared 
to mass. Preferential diffusion of species can also take place, given the existence of 
multiple species with varying diffusivity. For example, hydrogen, a light species, has a 
much higher diffusivity compared to other species such as oxygen, nitrogen etc. As a result, 
it will have higher diffusive fluxes in or out of the control volume. All these phenomena 
together can, in turn, change the local concentrations of scalars i.e. species mass fractions 
and temperature leading to altered reaction rates.  
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The mean curvature, 𝕂M  and Gaussian curvature of a surface can be used to 
calculate the principal curvatures, 𝕜r, 𝕜s(𝕜s < 𝕜r) such that 𝕂M = 𝕜r + 𝕜s. Based on the 
signs of 𝕜r, 𝕜s, elements can be spherical (𝕜r𝕜s > 0), cylindrical (𝕜r𝕜s = 0) or saddle 
point (𝕜r𝕜s < 0). Figure 2.5 shows the three dimensional space afforded by 𝕜r, 𝕜s, 𝐾w.  
 
Figure 2.5. Illustration of potential iso-surface curvature and strain combinations. 
Turbulent “flame”, typically identified with an iso-surface (to associate strain and 
curvature with), can, in general, be highly curved and strained and portray these multiple 
topologies. The solution spaces of turbulent flames may not uniformly occupy all regions 
in this volume. This is because strain and curvature of the chosen iso-surface are correlated 
with each other[5, 23]. Additionally, the displacement speed of the iso-surface is also 
correlated with strain and curvature[4, 23-25]. Typical joint PDFs between these quantities 
is shown in Figure 2.6. 
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Figure 2.6. Contours of joint pdfs of tangential strain rate, mean curvature, and 
displacement speed on the isosurface at c = 0.8, close to the location of maximum 
reaction rate. (a) Joint pdf of tangential strain rate and mean curvature. (b) Joint pdf 
of displacement speed and curvature. (c) Joint pdf of displacement speed and 
tangential strain rate. (d) Conditional joint pdf of displacement speed and tangential 
strain rate taken at zero curvature. Joint pdf magnitudes decrease from the center to 
the circumference. Adapted from Chakraborty and Cant[7]. 
A strong negative correlation can be seen between the mean curvature and tangential strain 
in Figure 2.6(a). A negative correlation between the displacement speed and curvature can 
also be observed in Figure 2.6(b). In general, the tangential strain and displacement speed 
seem uncorrelated(Figure 2.6(c)). However, when the joint PDF is conditioned at zero 
curvature, a negative correlation can be seen for tangential strain and displacement speed. 
As mentioned earlier, the iso-surface used to identify the “flame” is definition specific and 
each of these surfaces can have different responses for curvature, tangential straining and 
displacement speeds[4, 7, 24]. Additionally, even for the same progress variable, surfaces 
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corresponding to different iso-values can give significantly different correlation[26]. This 
is shown in Figure 2.7. At smaller values of progress variables, tangential strain and 
curvature seem uncorrelated. However, at higher values of progress variable, a negative 
correlation can be seen.   
 
Figure 2.7. The joint PDFs of the curvature and the tangential strain rate term for (a) 
the ensemble with 0.05<C<0.15 and (b) the ensemble with 0.4<C<0.8. Adapted from 
Kim and Pitsch[26] 
Turbulent distortions of the flamelet introduce a large number of potential combinations 
and topologies for flame stretch and each topology can respond differently by focusing and 
defocusing scalars as discussed earlier. This can strongly affect the local reaction rates 
through species concentrations and temperature dependencies. This has been explicitly 
observed wherein faster diffusing species such as H, H2 correlate strongly with curvature. 




2.1.2 Unsteady response 
A second mechanism which effects the relative contributions of different reactions 
in turbulent flames is due to unsteady kinetic and diffusive effects.  One can define a 
chemical time 𝜏HIJK,F and an associated Karlovitz number, 𝐾𝑎F associated with the i-th 
reaction as: 
𝐾𝑎F = 𝜏HIJK,F	𝜅 (2.6) 
Different reactions have different characteristic chemical times and their instantaneous 
rates and relative roles in the overall oxidation and heat release pathway may be altered in 
cases where the response of one or more reactions to unsteady stretch is not quasi-steady, 
i.e., Kai~O (1)[3, 4, 27, 28]. Different portions of the flame i.e. the preheat zone and the 
reaction zone can respond different to the unsteady stretch leading to altered species 
concentrations upstream of and within the two zones. This is demonstrated in Figure 2.8,  
wherein the response of the consumption speed (representative of the reaction zone) and 
flame speed (representative of the flame preheat zone) to unsteady straining are drastically 
different. The consumption speed response is insensitive with increasing frequency 
whereas the flame speed shows increased response with increasing frequency suggesting 
altered response of different zones within the flame structure.   
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Figure 2.8. Response of (a) Sc and (b) Su to laminar Karlovitz number, Ka for 
different frequencies. Adapted from Im and Chen[28].  
In addition, even in cases where all reactions are quasi-steady, local radical 
concentrations may not be at quasi-steady values due to diffusive time lags. For example, 
slower species are more susceptible to unsteady strain rate effects which can lead to altered 
reaction response for reactions containing these species [3, 4, 28].   
2.1.3 Stirring effect 
A third mechanism through which turbulence can modify the contributions of 
different reactions, relative to laminar flames, is through the “stirring” action of small scale 
eddies within the flamelet, introducing spatially differentiated convective transport of 
species along the flamelet. Increasing turbulence intensities introduces smaller energetic 
scales which can penetrate into the flame and lead to altered scalar concentrations. The 
effect of these eddies is further discussed in the next section wherein the different regimes 
of premixed turbulent combustion are explored.  
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2.2 Turbulent premixed combustion regime diagram 
Turbulence introduces a spectrum of time, length and velocity scales. Thus, the 
characteristics of turbulent flames can be significantly different based on the turbulence 
intensities. The classification for these premixed turbulent flames is represented using the 
Borghi diagram shown in Figure 2.9. The x-axis of the diagram is given by the ratio of the 
turbulent integral length scale 𝑙 to the flame thickness, 𝑙Y. The y-axis is given by the ratio 
of turbulent intensity, 𝑢y to the unstretched laminar flame speed, 𝑆az. 
 
Figure 2.9. Borghi diagram for turbulent premixed combustion. The classification 
depends on ratio of velocity scales and length scales[29, 30].  
Karlovitz number (Ka) is a non-dimensional number used to characterize turbulent flames 
and appears in the Borghi diagram to mark different limits. It is the ratio of a characteristic 
chemical time scale, 𝜏HIJK associated with the flame and a turbulent flow time scale, 𝜏WXYZ 
i.e. 𝐾𝑎 = 𝜏HIJK 	𝜏WXYZ.  
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The laminar flame regime is characterized by flow perturbations much smaller than 
the laminar flame speed or integral length scales much smaller than the flame thickness 
and is typically characterized by a Reynolds number, 𝑅𝑒 ≤ 1. Any turbulent fluctuations 
are overwhelmed by the viscous diffusion.  The unstretched and stretched flames such as 
Bunsen flames, stagnation flames discussed above fall into this category. 
In the wrinkled flamelet regime, the turbulence intensities are lower than the flame 
speed and hence large wrinkles formed are damped by the flame propagation. Also, the 
integral length scale is much larger than the flame thickness and hence cannot interrupt the 
internal processes and structure of the flame.  
In the corrugated flamelet regime, the flame thickness is still smaller than the 
integral length scale leading to an undisrupted flame structure similar to laminar flames. 
The upper limit for this ratio is when the Kolmogorov length scale, 𝜂 (which is the smallest 
turbulence scale) is of the same order as the flame thickness. However, the turbulence 
intensities are now larger than the laminar flame speed. This leads to highly wrinkled and 
folded flames wherein the wrinkles are formed faster than they can be smoothened. Pockets 
of reactants in products and vice-versa may be observed in this regime. Highly stretched 
flames may extinguish in this region due to hydrodynamic straining[22]. 
The thin reaction zone regime is also known as the thickened flamelet regime. The 
lower bound of this regime is given by 𝐾𝑎 = 1 where the Karlovitz number is defined by 
the ratio of the overall flame time scale to the Kolmogorov time scale for the turbulent flow 
i.e. 𝐾𝑎 = 𝜏HIJK 	𝜏. The upper bound of this regime is given by 𝐾𝑎 = 1 where the 
Karlovitz number is defined by the ratio of the reaction zone time scale to the Kolmogorov 
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time scale. In this limit, the smaller energetic scales are of the same order as the reaction 
zone thickness but are smaller than the preheat zone thickness and can penetrate into this 
zone leading to convective stirring of scalars internally which, in turn, disrupts the preheat 
zone structure. Thus, the quasi-steady, laminar flame structure is lost and laminar flamelet 
concepts cannot be applied directly[22, 31]. However, the smaller scales are still larger or 
of the same order as the reaction zone and hence, not small enough to penetrate into this 
zone, leading to an undisrupted and thin reaction zone but a thickened preheat region. 
𝐾𝑎 = 1 line is also known as the Klimov-William limit and quasi-steady laminar flames 
extinguish in this limit. The smaller eddies with high hydrodynamic strain, however, cannot 
quench the flame since they diffuse out in the preheat region due to comparable viscous 
dissipation time scales and Kolmogorov time scales in these regions [22, 32-34]. Most 
practical combustion devices are operated in this regime since mixing is enhanced at higher 
Karlovitz numbers leading to higher heat release and shorter combustion times.  
In the broken reaction zone, the smaller turbulent scales are smaller than the 
reaction zone leading to 𝐾𝑎 > 1 and can potentially penetrate into the reaction zone. This 
in turn leads to a broken reaction zone wherein the “flame” resembles a well-stirred reactor. 
The mixing is faster than chemistry which can lead to local extinction. Practical 
combustion devices are not operated in this region since this can cause noise, instabilities 
and global extinction.  
Even though this diagram depicts well-defined regions, these estimates are 
theoretical. Generally, thin flamelets can exist at Karlovitz number higher than the Klimov-
Williams limit. Similarly, thickened flamelets can exist in regions that are theoretically 
marked broken reaction zone. 
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All the datasets analyzed in this work fall into the thin reaction zone and on the 
boundary between the thin reaction zone and broken reaction zone.  
2.3 Comparing stretched flames and turbulent flames 
A common practice in understanding the behavior of turbulent flames is to perform 
detailed analysis of stretched flames and extrapolate that knowledge to the dynamics of 
turbulent flames. Stagnation flames are typical configurations used for this comparison[25, 
35, 36]. These are flat flames and are, thus, subjected to only tangential straining which 
leads to flame stretch. 
A topology analysis of turbulent flames using probability density functions suggest 
the mean curvature of the flames is close to zero with longer tails towards negative 
curvature for hydrocarbons flames and positive curvature for hydrogen flames. The strain 
rate PDF has a positive mean with finite probability for negative straining (for example in 
[3, 37, 38]). This is shown in Figure 2.10 for methane/air flames. As long as the curvature 
response is linear and there is a slight correlation between curvature and strain, the effects 
of curvature will average away in the mean leaving only strain effects[23]. Thus, for 
averaged statistics, stagnation flames with no curvature and positive straining should be 




Figure 2.10. Probability density function of (a) curvature and (b) tangential strain 
rate. Curvature and tangential strain rate are normalized by the flame thickness and 
inverse of a flame time respectively. Adapted from Echekki and Chen[3]  
The two common configurations of comparison are the reactant-to-reactant and the 
reactant-to-product configuration. For the reactant-to-reactant configuration, reactants are 
introduced from two nozzles leading to twin flames with an impermeable stagnation plane 
at the center. For the reactant-to-product configuration, the reactant from one nozzle is 
stagnated against hot adiabatic products from the other nozzle leading to a permeable 
stagnation flame. Though an extensive analysis does not exist to identify the ideal 
configuration, studies have shown that the two models provide similar results in the low 
stretch regime. At higher stretch rates, there are quantitative deviations in their predictions 
of quantities such as flame speed but both the models capture the qualitative changes 
well[36]. For this work, the reactant-to-reactant configuration is chosen. This configuration 
allows for the extinction of the flame at high stretch rates leading to regions of “low” and 
“high” stretch w.r.t the extinction stretch rate. 
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2.4 Review of turbulence-chemistry models for premixed flames 
A significant body of work for DNS, LES and RANS uses single-step chemistry to 
understand and predict flame dynamics (for example, see [6, 39, 40]). However, to 
completely understand the structure of turbulent flames and for better predictions in 
emissions, it is essential to utilize detailed chemistry. Typically, for LES and RANS, the 
thermochemical state is described by a reaction progress variable such as temperature or a 
product mass fraction using which the other relevant species mass fractions can be 
obtained. The governing equation for the progress variable needs closure models for 
filtered chemical reaction rate, filtered rate of molecular transport and sub-grid model for 
the turbulent transport [41, 42].  
One of the simplified model for reaction rate is an algebraic model called the Eddy 
Break-Up model(EBU) model[43] which assumes that the chemistry is fast and the mean 
reaction rate is determined by the mean turbulent mixing rate. Even though this is 
computationally inexpensive, this does not include information about detailed chemistry. 
Another approach based on laminar flames are thickened flame models[44, 45]. 
The flame thickness is scaled by a factor keeping the flame speed constant and can be 
resolved on the LES mesh. Detailed chemistry can be incorporated into this model while 
generating the flame structure and this model has been used extensively. 
G-equation modeling has been used extensively in RANS for numerous 
applications[46] and has been extended for use in LES[47]. The modeling philosophy for 
the G-equation is opposite of the previous model and it treats the “flame” as a propagating 
surface with zero flame thickness. A comparison between the two in given in Figure 2.11 
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However, this approach requires a closure model for turbulent burning velocity which is 
not trivial and does not have a universal form[41].  
 
Figure 2.11. (a) Thickened flame approach (b) Flame front and G field with G=G* as 
the given surface. Adapted from Poinsot and Veynante[41].  
Another popular approach is flame surface density(FSD) modeling[48, 49]. FSD is 
defined as the flame surface area per unit volume. Algebraic expressions can relate the 
reaction rate with the FSD. FSD can be modeled using algebraic expressions or balance 
equations. It can also be obtained from filtered laminar flamelets or from experimental data 
which account for complex chemistry with filtered reactions rates[50, 51]. 
Conditional moment closure (CMC) approach has been successfully used for non-
premixed flames and has been extended to premixed flames with a reaction progress 
variable as a conditioning variable[52]. This approach solves balance equations for 
conditional species mass fractions and can be considered as an extension of FSD 
formulation for multiple surfaces. 
Flamelet libraries, another popular approach, can be precomputed using detailed 
chemistry and can store quantities such as mean reaction rates, burning rates as a function 
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of a reaction progress variables such as temperature and inlet conditions. These tables can 
include quantities that affect flame stretch such as strain and curvature. These look-up 
tables can then be used to find the derived quantities as a function of these independent 
quantities. This method tends to be computationally expensive. 
An alternate to this approach is the Flamelet Generated Manifold (FGM) [20] and 
Flamelet Prolongation of Intrinsic Low-Dimensional Manifold (FPI)[53] methods. These 
approaches involve a set of flamelet equations with the inclusion of strong stretch effects. 
The manifold is constructed using 1D laminar flamelets and can be used in subsequent 
flame simulations. The dimensionality of this manifold is determined by the number of 
controlling variables which is dependent on the application. For example, product and 
reactant mass fractions can be controlling variables with the minor species solved from the 
manifold rather than governing equations.  
Probability density function models use PDF’s to describe the averaged variables. 
Two classes of PDF approaches exist to describe the chemical closure. The first approach 
utilizes information of a given number of moments to close the source terms and is referred 
to as the presumed PDF approach. The PDF shape of certain variables (typically progress 
variables) is assumed and parameterized using the mean and variance[54, 55]. The other 
dependent variables are calculated using these assumed PDF shapes. The second approach 
involves solving an evolution equation for the PDF[56, 57]. The chemical source term 
directly depends on chemical variables and do not need to modelled and thus, this approach 
can handle complex chemistry easily.  
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Most of the methods discussed here intend to resolve the flame structure and 
heavily rely on laminar calculations for the chemical source terms and hence it is important 
to contrast and compare laminar flame chemistry with turbulent flame chemistry to 
understand if laminar flames can truly portray the whole picture for turbulent flames.   
2.5 Turbulence-chemistry interactions 
The effect of turbulence on the flame structure has been an active research area first 
through simplified asymptotic analysis [30, 31] followed by experiments and 
simulations[58, 59]. With improved diagnostics and computing resources, it has been 
possible to gain significant insight into turbulence-flame interactions. For example, a 
significant effort has been invested in understanding the effect of turbulence on 
propagation speeds[4, 9, 60], how they are affected for different Lewis number flames[9, 
23] and its dependence on flame topology and flow properties[6]. Understanding the effect 
of turbulence on the flame structure and its transition from thin reaction zone to the 
distributed zone has also been of interest[37, 61-63].  
However, body of literature focusing on understanding the physics of turbulence-
chemistry interactions is fairly new and has been facilitated by the improvement in 
computational resources allowing for the inclusion of detailed chemistry over a simplified 
one-step chemistry in direct numerical simulations[59, 64]. 
Early analysis for oxidation pathway for hydrocarbon fuels suggests local 
variations in the oxidation pathways for turbulent flames. For example, Day et al.[65] 
performed 2D DNS of methane/air flames with varying hydrogen content. They noted three 
different regions of the flame front (a) intense burning regions with positive curvature, (b) 
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weak burning regions with negative curvature (c) large scale flame folding regions 
(Regions where H2 consumption is zero but C2 hydrocarbon concentrations are high 
(shown in Figure 2.12).  They investigated corresponding changes in C and C2 kinetic 
pathways for each of these regions. The C pathway via CH3O increased from 4.2% in 
region (a) to 7.7% in region (b) to 11.8% in region (c). The C2 pathway shifted from 2.7% 
to 3.8% to 5.1% in regions (a), (b) and (c) respectively. 
 
Figure 2.12. (above) Methane consumption rate from typical flame snapshot and 
(below) C pathway diagram for the three indicated regions. Adapted from Day et 
al.[65] 
One noted effect of turbulence on chemistry is increased low temperature activity 
for different reactions[12, 14, 66]. For example, for H2/Air flames, Aspden et al.[12] 
observed a decorrelation between heat release and fuel consumption in regions of high 
curvature (shown in Figure 2.13) due to reactions H+O2(+M)→HO2(+M) , 
HO2+H®OH+OH and HO2+OH®H2O+O2. These reactions do not involve H2 (and hence 
fuel consumption) and contribute most of the heat released in regions of negative curvature. 
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Overall, the lower temperature regions (T < 992K) show a 7 times higher heat release 
compared to high temperature regions from Ka=1 to Ka=36. This can be attributed to the 
higher radical pool in these regions with increasing Ka. 
 
Figure 2.13. Zoomed in slices for temperature, fuel consumption, heat release for a 
high Karlovitz H2/Air flame. Red regions correspond to a higher value of the 
quantities. Adapted from Aspden et al.[12] 
Carlsson et al.[14, 66] also observed changes in the low temperature region with increasing 
turbulence for CH4/Air and H2/Air flames. They noted a factor of 2-3 increase in heat 
release in these regions (T < 800K for CH4 and T < 600K for H2) compared to 1D laminar 
flames shown in Figure 2.14. 
 
Figure 2.14. JPDF for normalized heat release for CH4/Air (left) and H2/Air(right) as 
a function of temperature. The dotted line corresponds to the DNS conditional mean 
and the solid line corresponds to an unstretched laminar flame profile. Adapted from 
Carlsson et al.[14]. 
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Increasing turbulence intensities reduce the effective diffusive time scales leading to higher 
concentration of H radicals in the low temperature regions. This, in turn, promotes the 
reaction rates for H+O2(+M)→HO2(+M) and H+CH2O→HCO+H2 leading to higher heat 
release at low temperatures for these flames. 
Another common effect of turbulence on the flame structure is a thickening of the 
preheat zone[38, 67-70]. Compensation for this altered flame structure leads to an altered 
species response which can affect the reactions. For example, in methane flames, Aspden 
et al.[67] observed a shift of the species profiles towards a unity Lewis number profile from 
an unstretched laminar flame profile with increasing turbulence intensities suggesting a 
decreased effect of molecular diffusion over turbulent diffusion. Turbulence transports all 
scalars i.e. heat and species at the same rate, leading to equivalent turbulent thermal and 
mass diffusivity and hence a unity turbulent Lewis number. Specifically, reactants seemed 
unaffected. However, products and stable intermediates had elevated concentrations in the 
preheat zone as shown in Figure 2.15. A similar observation was found for n-dodecane 
flames wherein extensive thickening of thermal profiles was noted with stronger variations 
in fuel fragment formed from pyrolysis at temperatures lower than heat release[68].  
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Figure 2.15. Conditional means of molar concentrations of (a) CH4 (b) CO2 (c) C2H6 
(d) HO2 for low (left) and high(right) turbulence intensities. Adapted from Aspden et 
al.  [67]. The black line denotes the DNS conditional mean, red line denotes the 
unstretched laminar profile and the blue line denotes unstretched laminar flame 
profile with unity Lewis number transport. 
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Savard et al.[13] observed a similar response for n-heptane flames where the low 
temperature profiles aligned with unity Lewis number profiles whereas the high 
temperature profile deviates from the unity Lewis flamelet due to a reduced local Karlovitz 
number since the Kolmogorov length scale increases through the flame. For the same 
datasets, Lapointe et al.[71] compared the three dominant fuel consumption reactions for 
n-heptane and observed ~1-3% change between the turbulent and laminar cases. They also 
compared two high heat release reactions: CH3+O®CH2O+H, HCO+H®CO+H2 and 
noted a 0-1% change in their contributions to the total heat release suggesting no significant 
effect of turbulence on chemistry. In general, experiments and DNS have observed the 
broadening of important species layers which play a key role in oxidation such as OH and 
CH2O which can modify the reaction pathways in different zones of the flame[72, 73].  
Overall, some of the key relevant findings focus on the influence of turbulence on 
the flame structure namely, increased low temperature heat release, thickening of the 
preheat zone, movement of the species profiles towards unity Lewis number. Little work 
exists to identify the direct influence of turbulence on chemistry through the disturbance 
of chemical pathways. Additionally, most of the turbulent and laminar flame comparisons 
involve unstretched flames as the laminar model. There exists limited systematic 
comparison between laminar stretched flames and turbulent flames. This work has two 
primary objectives; one, to quantify the disturbance of the chemical pathways through a 
“global” analysis and two, to compare the turbulent chemical flame structure with the 
corresponding laminar stretched and unstretched flame to identify regimes of good (and 
poor) agreement through a “local” analysis. This work also extends the “local” analysis to 
identify the factors controlling the agreement.  
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CHAPTER 3. NUMERICAL PROCEDURES 
Three different simulations are used for answering the questions raised in Chapter 
1; namely direct numerical simulations for three dimensional turbulent flames, 
PREMIX[74] for unstretched laminar flames, OPPDIF[75] for stretched counter-flow 
flames and PSR[76] for perfectly stirred reactors. Problem setup and post-processing of the 
data obtained from all simulations is discussed below. 
3.1 Direct numerical simulations 
3.1.1 Low Mach number Code  
The reacting Navier-Stokes equations are solved using a low Mach number 
approximation[77-79] which allows acoustics waves to propagate out of the system at 
infinite speed. This is a good assumption when the flow velocities within the domain are 
much smaller than the speed of sound. Under these assumptions, the resulting set of 
equations is given by: 
 𝜕𝜌
𝜕𝑡 + ∇. (𝜌𝑢) = 0 
(3.1) 
 𝜕(𝜌𝑢)
𝜕𝑡 + ∇. 𝜌𝑢𝑢 = −∇𝜋 + ∇. 𝜏 + 𝜌𝐹 
(3.2) 
 𝜕(𝜌𝑌F)








where, 𝜌 is the density, 𝑢 is the velocity field, 𝜋 is the perturbation pressure field, 𝜏 is the 
stress tensor, 𝐹 is a long wavelength forcing term which is used to maintain turbulence 
inside the domain, 𝑌F is the mass fraction of the ith species, 𝐷F is the diffusivity of species 
i, 𝜌𝜔F is the source term for species i and is calculated from the chemical reactions, ℎ is 
the mixture enthalpy,  𝑘 is the thermal conductivity, T is the temperature and ℎF is the 
enthalpy for species i. Diffusion is modeled using the mixture-averaged approximation and 
neglects Soret and Dufour effects[80]. In the low-Mach number simulations, 𝜋 satisfies 
𝜋/𝑝Y~𝑂(𝑀𝑎s) where 𝑝Y is the ambient pressure and 𝑀𝑎 is the Mach number. 
Additionally, all thermodynamic quantities are independent of 𝜋. The ideal equation of 
state supplements the above set of equations to solve the flow field and is given as: 




Where 𝑅KFQ is the mixture gas constant, 𝑅{ is the universal gas constant and 𝑊F is the 
molecular weight of species i.   
The numerical framework is established by Day and Bell [81]wherein the code 
implements an operator-split formulation to computationally decouple the chemistry from 
the flow properties. These set of equations discretely conserve species and enthalpy with a 
correction constraint to prevent the solution drifting too far away from the equation of state. 
A Godunov-type upwind advection algorithm is used for computing advection 
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derivatives[82]. Low Mach number simulation leads to decreased stiffness allowing the 
time steps to be governed by the flow time scales resulting in larger time steps. The source 
term and species diffusion occur at much smaller time scales compared to the flow time 
scale and are calculated at smaller time steps implicitly. The implementation details can be 
found in Almgren et al.[83, 84]. This integration algorithm achieves second order accuracy 
in time and space. 
3.1.2 Domain description 
The simulations are performed for a canonical “flame-in-a-box” configuration. A 
schematic of the domain is shown in  Figure 3.1. 
 
 Figure 3.1. Schematic of the flow domain. Adapted from Aspden et al.[62]. 
A flame is simulated with cold reactants beneath hot products leading to a downward 
propagating flame. Periodic lateral boundary conditions with outflow at the top and free-
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slip fixed wall at the bottom of the domain are specified. Typically, a high aspect ratio 
domain (1:1:8) is specified allowing enough length for flame propagation to reach a 
statistically stationary state allowing for further post-processing of the data without any 
transient information.  
For all the data sets analyzed here, the inlet temperature, 𝑇{ is 298K and the 
pressure, 𝑝Y is 1 atm. The pressure 𝑝Y is maintained a constant in space and time 
establishing an “open” domain.  
3.1.3 Initialization of the problem 
The forcing term in the momentum equation as mentioned in 3.1.1 maintains the 
turbulence within this domain. This approach has been established in Aspden et al. [85, 86] 
and has certain advantages over the inflow boundary conditions. For example, the 
turbulence levels are maintained in this approach, opposed to decaying turbulence. The 
latter approach warrants regulated inflow flow rates which, in turn, can lead to instabilities 
particularly at higher inlet velocities[62]. Typically, the turbulence is first established and 
allowed to evolve till it is well-developed inside the box.  
A flat flame is obtained using PREMIX[74] using the same pressure, inlet 
temperature, composition and chemistry as the different cases considered. This flame (the 
initial velocity field) is interpolated onto the three-dimensional domain as a flat flame and 
is allowed to evolve till it becomes statistically steady. The integral length scales of the 
turbulence are maintained as the same order of magnitude as the flame thickness and allows 
to inspect the effect on intense turbulence on the flame and its structure.  
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3.1.4 Grid resolution 
The grid resolution is driven by two length scales: resolution of the flame thickness 
and the Kolmogorov scales. The flame is typically resolved using ~25-30 grid points[62] 
which is sufficient to resolve the flame structure (i.e. chemical and thermal profiles). The 
Kolmogorov scale is estimated as 𝜂 = (𝜈 𝜀)r/ where 𝜈 is the viscosity and 𝜀 is the 
dissipation of the turbulent kinetic energy as is given by 𝜀 = 𝑢y 𝑙 where 𝑢y is the 
turbulence intensity and 𝑙 is the integral length scale. The resolution is chosen based on an 
effective Kolmogorov length scale calculated from the simulation as detailed in Aspden et 
al.[86]. 
Adaptive mesh refinement(AMR) is employed for increased resolution around the 
flame leaving a courser domain elsewhere. The simulations are run on a coarser mesh 
without refinement till steady state followed by refinement of the mesh to collect data. 
Details of the procedure can be found in Aspden et al.[62]. 
3.1.5 Post-processing  
A reference isosurface is needed to associate the local curvature, stretch values and 
the flame normal.  The reference isosurface can be defined using any progress variable that 
monotonically increases through the flame from reactants to products and the “flame” is 
identified with a particular value for the chosen variable. In the analysis considered here, 
temperature is chosen as the progress variable with a given value for temperature 
identifying the “flame” iso-surface.   
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Spatial integration of reaction rates and species consumption rates are defined over 
volumes whose lateral surfaces are normal to this reference surface.  The normal is defined 
by the temperature gradient i.e. 𝑛 = ∇𝑇. This defines a local coordinate parallel to integral 
curves of the local temperature gradient, as shown in Figure 3.2.  
 
Figure 3.2. Illustration of an isotherm with normals for a two-dimensional 
hydrogen/air lean premixed flame. Adapted from Gao et al. [87] 
Tessellation of the iso-surface is performed to extract a triangulated surface using 
a marching cubes algorithm[37] and decimation of this surface is performed using 
QSlim[88] which ensures no poorly formed triangles are extracted. The data is then 




Figure 3.3. Prism shaped volume, Ω, constructed using curves 𝒔𝒋 locally normal to the 
temperature isotherms; the inset plot shows a typical variation of 𝝎𝒇𝒖𝒆𝒍 along 𝒔𝒋. 
Adapted from Day et al.[37] 
Finally, quantities such as fuel consumption, reactions rates, heat release can be 
integrated within these volumes leading to a “point” representation at every point on the 





where,  𝑅𝑅t is the reaction rate of the kth reaction and is a function of space and time and 
𝐴uJW is the intersection area of the reference iso-surface with the volume, Ω.   
3.1.6 Data sets 
Multiple data sets spanning different fuels generated using the above code are 
analyzed to understand turbulence-chemistry interactions. For each fuel, multiple 
turbulence intensities are computed. The increasing turbulence intensities are characterized 
by a flame Karlovitz number which is a ratio of chemical time scales and a flow time scale. 








where 𝑆a¤ is the unstretched laminar flame speed and 𝑙Y is the thermal flame thickness for 
the unstretched laminar flame. The Borghi diagram below shows the different cases 
considered for hydrogen, methane and n-dodecane. For the simulations, the ratio of length 
scales is maintained as a constant. 𝑢y controls the turbulence intensities with higher values 
corresponding to higher turbulence intensities.  
 





The key inlet conditions for the hydrogen/air datasets are summarized in Table 3.1. For 
hydrogen flames, the unstretched laminar flame speed is represented by a freely-
propagating flame speed since thermo-diffusive instability leads to a faster speed of 
propagation[12].  
Table 3.1. Inlet conditions for hydrogen/air flames. Adapted from Aspden et al.[12] 
Equivalence ratio, 𝜙 0.4 
Inlet temperature, 𝑇{ 298K 
Pressure, 𝑝 1 atm 
Freely propagating flame speed, 𝑆U 47 cm/s 
Laminar Flame thickness, 𝑙¦ 410𝜇𝑚 
The reaction kinetics, thermodynamic properties and transport coefficients are calculated 
using Li et al. [17] chemical model with 9 species and 21 reactions. Table 3.2 below 
summarizes the different turbulent flame cases considered. 
Table 3.2. Summary of cases for H2/Air flames 
Case 𝑢y(𝑚/𝑠) 𝑢y 𝑆U 𝑙 𝑙© 𝐾𝑎U 
A 0.75 1.6 4 1 
B 1.9 4.0 4 4 
C 3.9 8.3 4 12 
D 8.2 17.0 4 36 
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3.1.6.2 Methane 
The key inlet conditions for the hydrogen/air datasets are summarized in Table 3.3.  
Table 3.3. Inlet conditions for methane/air flames. Adapted from Aspden et al.[67]  
Equivalence ratio, 𝜙 0.7 
Inlet temperature, 𝑇{ 298K 
Pressure, 𝑝 1 atm 
Unstretched laminar flame speed, 𝑆az 18.9 cm/s 
Laminar Flame thickness, 𝑙¦ 600𝜇𝑚 
The reaction kinetics, thermodynamic properties and transport coefficients are calculated 
using GRIMech 3.0 [18] (with nitrogen chemistry removed) chemical model with 35 
species and 217 reactions. 
Table 3.4 below summarizes the different turbulent flame cases considered. 
Table 3.4. Summary of cases for CH4/Air flames 
Case 𝑢y(𝑚/𝑠) 𝑢y 𝑆az 𝑙 𝑙© 𝐾𝑎U 
A 0.299 1.59 4 1 
B 0.754 4.0 4 4 




The key inlet conditions for the hydrogen/air datasets are summarized in Table 3.5.  
Table 3.5. Inlet conditions for n-dodecane/air flames. Adapted from Aspden et al.[68]  
Equivalence ratio, 𝜙 0.7 
Inlet temperature, 𝑇{ 298K 
Pressure, 𝑝 1 atm 
Unstretched laminar flame speed, 𝑆az 22.6 cm/s 
Laminar Flame thickness, 𝑙¦ 520𝜇𝑚 
The reaction kinetics, thermodynamic properties and transport coefficients are calculated 
using You et al. [89] chemical model with 56 species and 289 reactions. This is a reduced 
mechanism for n-dodecane. A sensitivity study was performed to compare this mechanism 
with other larger mechanisms (Luo et al.[90], Narayanswamy et al.[91]) for laminar models 
which is presented in Appendix A. Even though there were quantitative variations in the 
pathways for different metrics, the qualitative behavior of the reactions remained consistent 
across all mechanisms.  




Table 3.6. Summary of cases for n-C12H26/Air flames 
Case 𝑢y(𝑚/𝑠) 𝑢y 𝑆az 𝑙 𝑙© 𝐾𝑎U 
A 0.226 1.0 1 1 
B 0.570 2.52 1 4 
C 1.18 5.25 1 12 
D 2.47 17.3 1 36 
E 5.12 22.7 1 108 
 
3.2 Unstretched laminar flames 
The unstretched laminar flame calculations are performed using the PREMIX 
module in CHEMKIN[74].  
3.2.1 Problem initialization 
 Table 3.7 summarizes the key parameters set for the calculations to ensure proper 
resolution of the solution.  
Table 3.7. Summary of key parameters for unstretched laminar flame calculations 
Parameter Value 
Solution curvature, CURV 0.001 
Solution gradient, GRAD 0.001 
Inlet radial velocity 0 
 44 
This leads to a typical number of 8000-12000 grid points for the convergence of 
unstretched laminar flame speed value. In all the cases, the inlet temperature, pressure and 
composition is similar to the inlet conditions considered for the direct numerical 
simulations discussed in Section Data sets. Convergence tests for the three fuels are 
detailed in Appendix C.  
3.3 Stretched flame calculations 
The stretched flame calculations are performed using OPPDIF[75] module in 
CHEMKIN.  
3.3.1 Domain description 
The opposed flow configuration is sketched in Figure 3.5. Two nozzles with the same inlet 
conditions are initialized leading to a twin flame configuration with the stagnation plane at 
the center plane. The distance between the two nozzles is 2 cm with the center plane at 1 
cm.  
 
Figure 3.5. Opposed flow configuration for twin flames 
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3.3.2 Problem initialization 
Table 3.8 summarizes the key parameters used for the stretched flame calculations.  
Table 3.8. Summary of key parameters for stretched flame calculations. 
Parameter Value 
Solution curvature, CURV 0.01 
Solution gradient, GRAD 0.01 
Inlet radial velocity 0 
 
Typically, the simulations are initialized with an inlet axial velocity slightly higher than 
the corresponding unstretched laminar flame speed. 10 continuations are performed 
between the inlet axial velocity and the final targeted axial velocity. Continuations refine 
the solution progressively leading to an eventual resolution of 6000-10000 grid points for 
every case considered. The stretch rate, κ, is given by the maximum value of –𝑑𝑢/𝑑𝑥 
between the inlet and the first minima in the axial velocity profile where 𝑢 is the axial 
velocity. A typical velocity profile with the velocity gradient is plotted in Figure 3.6. 
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Figure 3.6. Variation of axial velocity(blue) and -	𝒅𝒖/𝒅𝒙(orange) with distance. 
Extinction calculations are run to calculate the maximum stretch rate and the corresponding 
inlet axial velocity that the premixed flame sees before extinction. Table 3.9 tabulates the 
inlet velocities and extinction stretch rates for three fuels considered. Appendix D details 
the inlet conditions and the corresponding stretch rates chosen for the different fuels.  
Table 3.9. Results for stretched flame calculations 
 H2/Air CH4/Air n-C12H26/Air 
Inlet conditions 𝜙=0.4, 298K, 1atm 𝜙=0.7, 298K, 1atm 𝜙=0.7, 298K, 1atm 
Inlet velocities 284 - 4730 cm/s 30 – 605 cm/s 25 – 121 cm/s 
Extinction stretch 
rate, 𝜅JQR 




3.4 Perfectly stirred reactors 
The perfectly stirred reactor calculations are performed using the PSR[76] module in 
CHEMKIN.  
3.4.1 Problem Initialization 
The reactors initial temperature is set at 1000K. The inlet conditions for the reactors and 
the computed residence time are tabulated in Table 3.10. 
Table 3.10. Results for perfectly stirred reactors 
 H2/Air CH4/Air n-C12H26/Air 
Inlet conditions 𝜙=0.4, 298K, 1atm 𝜙=0.7, 298K, 1atm 𝜙=0.7, 298K, 1atm 
Extinction residence 
time, 𝜏JQR 




CHAPTER 4. CHEMICAL PATHWAYS - A GLOBAL ANALYSIS 
Different metrics can be used to assess the degree to which chemical pathways are 
altered in turbulent flames.  These include (1) fraction of heat release rate associated with 
a given reaction, (2) fraction of species production/consumption associated with a given 
reaction, (3) mole fraction of species/radicals at a given progress variable.  These metrics 
can also be calculated at a fixed point in space and time, spatially integrated, or conditioned 
on progress variables or topological features (e.g., positive or negative curvature).  
4.1 Equations for analysis 
As discussed in Section 3.1.5, the reaction rates can be integrated within the 





This quantity can be used to calculate area averaged means over the entire flame surface 
or conditioned on local features. 
4.1.1 Global analysis equations(DNS) 










Where 𝑁 is the number of points on the surface. An area-weighted mean ensures that high 
values of the quantities occurring over smaller areas on the surface does not lead to higher 
values of the averaged values which can skew the mean.  
The heat release contribution of the individual reactions, 𝑞t is then calculated as: 




Where, ∆ℎWY uJAH is the formation enthalpy of reactants and ∆ℎW
Y
guYB
 of the products of the 
given reaction. Similarly, the rate of formation/consumption of species, i in reaction k, a is 
defined as: 
𝜔±,t = 𝑅𝑅t 𝜈F,tyy − 𝜈F,ty 		 (4.3) 
where a generalized reaction is written as 𝜈F,ty 𝑀F → 𝜈F,tyy 𝑀F. The reaction rate,  𝑅𝑅t can be 
<0 or >0. If 𝑅𝑅t < 0, then the reverse reaction from the mechanism is used for the analysis. 









Here if the reaction k, forms species, i then 𝜔±,t > 0 else 𝜔±,t = 0. Similarly, the net 




Here if the reaction, k consumes species, i then 𝜔±,t < 0 else 𝜔±,t = 0. The subscript p and 
c denote production and consumption respectively. The values obtained in Equation 4.4-
4.6 are used for normalizing the values obtained in Equation 4.2 and 4.3. 
4.1.2 Progress-variable conditioned equations(DNS) 
The mean fuel consumption, 𝜔W{JX can be calculated as shown in Equation 4.7 by 
integrating 𝜔W{JX over the volume Ω. The direction of propagation, Z  is divided into 200 
points between the lowest (Zmin) and the highest point (Zmax). The cumulative fuel 
consumption is then calculated along this direction and normalized by the total fuel 
consumption in the volume. A typical profile for the fuel consumption is shown Figure 4.1. 
 
Figure 4.1. (left) Illustration of progress variable, 𝒄 .  (right) Mapping of physical 
space to progress variable. The arrows denote the direction of propagation. 
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The location, 𝑐 = 0, corresponds to unburnt reactants.  
The heat release contribution of the individual reactions, 𝑞t at a certain progress variable 
𝑐F, at every point on the reference surface is defined as: 
𝑞t(𝑥, 𝑦) Hi = 𝑅𝑅t(𝑥, 𝑦) Hi ∆ℎW
Y
uJAH
− ∆ℎWY guYB 		 (4.8) 
Similarly, the rate of formation/consumption of species, i in reaction k, at a certain progress 
variable 𝑐F, at every point on the reference surface is defined as: 
𝜔±,t(𝑥, 𝑦) Hi = 𝑅𝑅t(𝑥, 𝑦) Hi 𝜈F,t
yy − 𝜈F,ty 		 (4.9) 
where a generalized reaction is written as 𝜈F,ty 𝑀F → 𝜈F,tyy 𝑀F. The reaction rate,  𝑅𝑅t(𝑥, 𝑦) 
can be <0 or >0. If 𝑅𝑅t 𝑥, 𝑦 < 0, then the reverse reaction from the mechanism is used 
for the analysis.  











and, the area weighted 𝜔±,t Hi as: 
𝜔±,t Hi =







where N is the number of points on the reference isosurface that fall within the progress 
variable bracket considered. 𝜔±,t Hi > 0 implies that species, i is produced by reaction, k.   
The net heat release at 𝑐F is: 
𝑞 Hi = 𝑞t Hi
t
		 (4.12) 
The net production of species, i at 𝑐F	is given as: 
𝜔±,g Hi = 𝜔±,t Hi
t
		 (4.13) 
Again if the reaction k, forms species, i then 𝜔±,t > 0 else 𝜔±,t = 0. Similarly, the net 
consumption is given as:  




Here if the reaction, k consumes species, i then 𝜔±,t < 0 else 𝜔±,t = 0. The subscript p and 
c denote production and consumption respectively. The values obtained in Equations 4.12-
4.14 are used for normalizing the values obtained in Equations 4.10 and 4.11. 
4.1.3 Curvature conditioned equations(DNS) 
 Different topological elements can be defined based on the principal curvatures of 
the iso-surface i.e. 𝕜r and 𝕜s (𝕜s < 𝕜r) as discussed earlier and are shown in Figure 4.2.  
 
Figure 4.2. Illustration of potential iso-surface curvature and stretch combinations. 
 
The principal curvatures are calculated from the mean curvature 𝕂M  and the Gaussian 
curvature, 𝐺 as: 
𝕜r, 𝕜s = 𝕂M ±	 𝕂Ms + 𝐺	 (4.15) 
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𝕜s𝕜r > 0, forms spherical elements, 𝕜s𝕜r = 0 forms cylindrical elements and 𝕜s𝕜r < 0 
forms saddle point elements. Additionally, the spherical elements can be positively curved 
or negatively curved. Positively curved elements have center of curvature in products 
whereas the negatively curved elements have center of curvature in reactants.  
The heat release contribution of the individual reactions, 𝑞t Ji and consumption/formation 
rate, 𝜔±,t Jiwithin a given element 𝑒F, at on the reference surface are calculated similar to 
Equations 4.10-4.11. The net heat release 𝑞 Ji, the net production of species, i, 𝜔±,g Ji, the 
net consumption of species, i, 𝜔±,g Ji at 𝑒F are calculated similar to Equations 4.12-4.14. 
4.1.4 Stretched flames equations 
Net heat release and reaction rates are computed from OPPDIF results by 















	𝜔±,t can be calculated from 𝑅𝑅t as outlined in Equation 4.3. 𝜔±,g and 𝜔±,H are computed 




This section discussed the global and conditioned results for the hydrogen/air 
premixed flames. 
4.2.1 “Flame” surface visualization 
The flame surface is defined using a temperature iso-value. This iso-value is chosen 
from unstretched laminar calculations. Figure 4.3 below plots the heat release rate and fuel 
consumption as a function of temperature for premixed H2/Air flames with the same inlet 
conditions as the DNS data set.  
 
Figure 4.3. Variation of fuel consumption and heat release rate as a function of 
temperature for H2/Air flames with 𝝓=0.4, Tu=298K, p=1atm. 
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The peak heat release and fuel consumption occur at 1100K and 1144K respectively. These 
values are close to each other and the isotherm corresponding to the peak fuel consumption 
is chosen. A higher temperature iso-surface is, in general, continuous with holes or pockets 
since the turbulent cases lie within the thin reaction zone regime. This is an important 
feature for the surface to obtain well-defined normals calculated from temperature 
gradients and its divergence.   
4.2.2 Data Visualization 
Slices of temperature and some key reactions for hydrogen/air flames are shown in 
Figure 4.4. The formation of the cellular flame due to thermo-diffusive instability can be 
observed at the leading edge of the flame for Ka=1. With increasing Karlovitz number, the 
appearance of finer structures on the flame front can be seen and it is hard to clearly observe 
the cellular burning. For all the flames, the leading edge of the flame burns strongly 
compared to the rest of the flame which can be observed from the elevated temperatures. 
Temperatures higher than adiabatic temperatures (Tad~1426K) can be seen at the leading 
edge. This is a common observation for these thermo-diffusively unstable flames.  The 
reaction front remains thin across all turbulence intensities. This can be observed from the 
reaction rate slices for two important reactions. With increasing turbulence, the reaction 
rates are elevated at the leading edge of the flame as well. 
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Figure 4.4. Slices of temperature(top), H+O2 →OH+O reaction rate (center) and 
H+O2(+M)→HO2(+M) reaction rate(bottom). The slices are constructed using the 




Figure 4.5. Isotherm, 𝐓𝐫𝐞𝐟 = 1144 K(colored by heat release).  (Top) X-Y slices of the 
flame surface (bottom) 3D view of the flame surface. The rectangular domain is 
shown in black lines. 
As discussed in the previous section, the flame is defined by the 1144K isotherm. 
Figure 4.5 shows the isotherm, 𝑇uJW = 1144 K (colored by local values of the heat release) 
for the cases considered. Significant wrinkling of the flame with increasing turbulence can 
be observed in the figure. Higher heat release at the leading edge of the flame compared to 
the rest of the flame can be observed. Also increased heat release with increasing 
turbulence at this leading edge can be seen. These flames, even though highly wrinkled, 
have a flamelet like structure. This can be seen in Figure 4.6 wherein the fuel consumption 




Figure 4.6. Variation of (a) fuel consumption and (b) heat release along a progress 
variable through the flame for different turbulence intensities for hydrogen flames.  
4.2.3 Global analysis 
First the fractional heat release pathways are considered for the laminar and 
turbulent flames. Figure 4.7(a) plots the heat release (normalized by the total heat release 
for each case) associated with the given reactions as a function of normalized stretch rate, 
κ/κext and normalized residence time, τext/τres, for the laminar flame reference cases.  Results 
are shown for the largest magnitude exothermic and endothermic reactions (the other 
reaction steps that are not shown contribute an additional ~10% of the total heat release). 
The figure shows that H+O2(+M)→HO2(+M) is the dominant heat release reaction and that 
its relative importance changes only modestly with stretch, there being about an 11% 
difference from its unstretched value and its value at κ/κext =0.4. Note also the striking 
similarity of the PSR results with the stretched flamelet calculation. 
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Figure 4.7. Dependence of fractional heat release associated with different reactions 
upon (a) stretch (OPPDIF, solid line) and residence time (PSR, dotted line) and (b) 
Karlovitz number (DNS)  
Similarly, the next two most important reactions are H2+OH→H2O+H and 
H+OH+M→H2O+M, showing maximum changes of 10 and 120% respectively.  This latter 
reaction has the largest fractional change of relative heat release of all these reactions. In 
general, the PSR results are quite similar to the OPPDIF results for all the reactions, with 
a maximum deviation of ~20% for the range of residence times calculated.     
Figure 4.7 (b) shows the same analysis for the turbulent flames (where Ka=0 
denotes the laminar, unstretched value).  Turning to the individual reactions and comparing 
reactions side by side with the laminar results, note the strong similarity in both the relative 
significance of the different reactions, as well as their quantitative contributions to the heat 
release.  In particular, the two exothermic reactions, H+O2(+M)→HO2(+M) and 
H2+OH→H2O+H, are dominant in the laminar and turbulent case.  There is some shift in 
relative significance of the HO2+OH→H2O+O2, HO2+O→O2+OH and 
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H+OH+M→H2O+M reactions, mirroring the laminar results. The biggest change in 
relative roles with Ka are the H+OH+M→H2O+M and HO2+H→OH+OH reactions. 
The relative roles of different reactions in producing reaction intermediates are 
considered, focusing on H, OH, and HO2 production.  The integrated reaction rates are 
obtained as shown in Equations 4.2 and 4.17 for DNS and OPPDIF respectively. The 
consumption/production of a radical/species can then be calculated using the 
stoichiometric coefficients of the reaction as shown in Equation 4.3. This consumption (or 
production) of a radical by a given reaction is normalized by the total consumption (or 
production) of this radical by all reactions as given by Equations 4.5 and 4.6 respectively. 
Figure 4.8 shows the consumption/production of these radicals from DNS and OPPDIF. 
The consumption of H (shown in Figure 4.8(a)) is dominated by the reaction 
H+O2+M→HO2+M and the trend resembles the heat release plot shown earlier of the same 
reaction.  There is a change of ~16% from the unstretched value to κ/κext=0.4 for the 
OPPDIF case and ~14% change from Ka=0 to Ka=36 for the DNS. The next two dominant 
consumers of the H radical are H+O2→O+OH and HO2+H→OH+OH. These are nearly 
insensitive to changes in stretch with maximum changes of 10% and 16%, respectively, 
over the entire range of stretch. The DNS shows even lower sensitivity of increasing 
turbulence with ~3% and ~5% changes in the consumption between Ka=1 and Ka=36.  The 
reaction H+OH+M→H2O+M shows the maximum change with stretch and Karlovitz 
number. The H consumption by this reaction almost doubles relative to its laminar 
unstretched value, similar to the heat release results for this reaction. 
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Figure 4.8. Dependence of normalized (a) H consumption (b) OH production (c) HO2 
consumption by different reactions upon κ (left) and Ka (right) 
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The reaction HO2+H→OH+OH produces the maximum OH (shown in Figure 
4.8(b)). The OH production rate increases with increasing κ and Ka demonstrating a change 
of ~20% and ~8% between the unstretched laminar value and κ/κext=0.97 for the stretched 
flames and Ka=36 for the turbulent flames respectively. The production of OH by the 
reactions H+O2→O+OH, O+H2→H+OH, HO2+O→O2+OH and O+H2O→OH+OH varies 
by 3%, 14%, 40% and 100% respectively for the entire range of stretch. The change is high 
for O+H2O→OH+OH because this reaction reverses its direction for higher stretch values 
and thus, OH is consumed and not produced. However, these reactions show negligible 
changes from Ka=1 to Ka=36. 
HO2 consumption shows some significant changes with stretch and turbulence as 
demonstrated in Figure 4.8(c). The dominant consumer of HO2 is HO2+H→OH+OH. The 
HO2 consumption is augmented by 50% and 32% with increasing κ and Ka respectively. 
This consumption reduces by ~33% and ~50% for HO2+OH→H2O+O2 and 
HO2+O→OH+O2 respectively from κ/κext=0 and κ/κext=0.97. The reduction is ~25% and 
~40% respectively from Ka=0 to Ka=36. It can be observed that the consumption of HO2 
by HO2+H→OH+OH increases. This chain branching reaction suppresses the chain 
termination reaction HO2+OH→H2O+O2 and chain propagation reaction 
HO2+O→O2+OH. 
From these results, it is clear that the strong turbulence has little effect on the 
integrated chemical pathways in these lean-hydrogen flames. While there are some 
quantitative shifts, these differences are quite modest, particularly for the dominant 
reactions.  
 64 
4.2.4 Global analysis conditioned on curvature 
This section shows how the role of different reactions vary with topological 
features. Figure 4.2 shows five different topological regions (concave/convex spherical 
elements, concave/convex cylindrical elements, and saddle points) conditioned on the two 
principal components of curvature, 𝕜r and 𝕜s.  The fraction of heat release associated with 
the dominant reactions, conditioned on these five regions is shown in Figure 4.9.  Burning 
rates are enhanced for lean H2-air flames, and so the dominant heat release occurs in the 
spherical positively stretched elements, followed by positively stretched cylindrical 
elements, saddle points, then negatively stretched cylindrical elements, with the least heat 
release coming from negatively stretched spherical elements.  This general trend would be 
expected, but it is interesting how the differences in relative contributions diminish with 
increasing Karlovitz number.  For example, the contribution of positively stretched 
spherical elements drops by ~11% for H+OH+M→H2O+M, ~20% for H+O2+M→HO2+M 
and H2+OH→H2O+H between Ka=0 and 36.  The relative contributions of the negatively 
curved spherical elements increase by ~200% from Ka=1 to Ka=36 for 
H+OH+M→H2O+M, ~50% for H+O2+M→HO2+M and ~90% for H2+OH→H2O+H.  
This is likely an unsteady effect, as the burning rate sensitivity to stretch decreases with 
increasing frequency of the stretch fluctuations.   
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Figure 4.9. Dependence of the fractional heat release of a given reaction in each of the 
five topological elements upon Ka. The heat released by a given reaction within an 
element is normalized by the total heat released at the given Ka. 
4.2.5 Global analysis conditioned on progress variable 
This section considers similar metrics as the previous one, but focuses on spatial 
integrals between specific progress variables.  Low progress variable values will 
necessarily be associated with more positively curved flame segments, due to their 
proximity to the leading edge of the front.  As such, systematic differences in averaged 
stretch rates and curvature exist at different progress variables. 
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The relative contributions of different reactions to heat release are calculated by 
taking the area weighted average of the heat release given by Equation 4.10 normalized by 
the total heat release given by Equation 4.12.  Progress variable conditioned heat release 
for some selected reactions are shown in Figure 4.10– the blue line shows the same spatially 
integrated value shown in Figure 4.7 , while the green, red and cyan lines show 0.095 ≤
𝑐 ≤ 0.105, 0.495 ≤ 𝑐 ≤ 0.505	and 0.695 ≤ 𝑐 ≤ 0.705 respectively.  
 
Figure 4.10. Progress variable conditioned heat release for (a) H+OH+M→H2O+M 
(b) H+O2+M→HO2+M (c) HO2+OH→H2O+O2 (d) HO2+O→O2+OH; (Blue: All 𝒄 ,  
Green: 𝒄 = 0.1, Red: 𝒄 = 0.5, Cyan: 𝒄 = 0.7).  Dashed horizontal lines denote range of 
values from OPPDIF calculations. 
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Again, quantitative differences exist, but they are modest.  Moreover, the results 
conditioned on 𝑐	= 0.5 and 0.7 are quite close to the spatially averaged ones.  The biggest 
differences occur at the leading edge of the brush, 𝑐 =0.1. The dashed lines in the figures 
represent the OPPDIF bounds for these reactions, showing significantly larger ranges for 
the laminar, stretched flame calculations. Figure 4.11 and Figure 4.12 show corresponding 
plots for the H and OH radical, also showing little change.  
 
Figure 4.11. Progress variable conditioned H consumption for (a) HO2+H→OH+OH 
(b) H+O2→O+OH (c) HO2+H→H2+O2 (d) H+O2+M→HO2+M; (Blue: All 𝒄 ,  Green: 
𝒄 = 0.1, Red: 𝒄 = 0.5, Cyan: 𝒄 = 0.7).  Dashed horizontal lines denote range of values 




Figure 4.12. Progress variable conditioned OH consumption for (a) 
H+OH+M→H2O+M (b) H2+OH→H2O+H (c)HO2+OH→H2O+O2; (Blue: All 𝒄 ,  
Green: 𝒄 = 0.1, Red: 𝒄 = 0.5, Cyan: 𝒄 = 0.7).  Dashed horizontal lines denote range of 








This section discussed the global and conditioned results for the methane flames. 
4.3.1 “Flame” surface definition 
Figure 4.13 plots the variation of fuel consumption rate and heat release rate for 
unstretched laminar flames.  
 
Figure 4.13. Variation of fuel consumption and heat release rate as a function of 
temperature for CH4/Air flames with 𝝓=0.7, Tu=298K, p=1atm. 
The peak temperature for heat release and fuel consumption is 1500K and 1482K 
respectively. These two values are very close and the isotherm corresponding to the peak 




4.3.2 Data Visualization 
Slices of temperature and some key reactions for methane/air flames are shown in 
Figure 4.14.  Similar to hydrogen flames, appearance of finer scale structures can be seen 
with increasing turbulence intensities. For the lower turbulence intensities, the “flame” 
remains thin and can be seen as a “discontinuity” between reactants and products. 
However, for the higher turbulence intensity case, there appears to be a broadening of the 
flame. This thickening for methane flames due to preheat zone thickening has been 
observed by Aspden et al.[67]. The broadening of the reaction zones for some of the 
reactions can be noted as well. For example, the reaction rate slice for HO2+OH→H2O+O2 
shows slightly broadened regions of existence compared to the lower Karlovitz cases. 
However, some other reactions such as CH3+O→CH2O+H occur within a thin reaction 
zone. This can be seen in the reaction rate slices shown in Figure 4.14(bottom). 
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Figure 4.14. Slices of temperature(top), HO2 + OH →H2O+O2 reaction rate (center) 
and CH3+O→CH2O+H reaction rate(bottom). The slices are constructed using the 




Figure 4.15. Isotherm, 𝐓𝐫𝐞𝐟 = 1482 K(colored by heat release).  (Top) X-Y slices of the 
flame surface (bottom) 3D view of the flame surface. The rectangular domain is 
shown in black lines. 
As discussed in the previous section, the flame is defined by the 1482K isotherm. 
Figure 4.15 shows the isotherm, 𝑇uJW = 1482 K (colored by local values of the heat release) 
for the cases considered. Significant wrinkling of the flame with increasing turbulence can 
be observed in the figure. Relatively higher heat release can be observed closer to the 
products side of the flame (reactants are at the bottom and products on the top in Figure 
4.15). Even though these “flames” appear highly wrinkled, they maintain their flamelet-
like structure. This can be seen in Figure 4.16 wherein the fuel consumption and heat 
release are plotted as a function of a progress variable (defined based on temperature). The 
value of the progress variable is zero for reactants and one for products.  
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Figure 4.16. Variation of (a) fuel consumption and (b) heat release along a progress 
variable through the flame for different turbulence intensities for methane flames. 
Typically, as expected the fuel consumption and heat release increase, reach a maximum 
at a given value of the progress variable and then decrease to zero in the products.  
4.3.3 Global analysis 
First, the global heat release is considered. The heat released by a given reaction at 
a given condition of stretch, residence time or turbulence intensity (Ka =0 corresponds to 
unstretched laminar flames values) is normalized by the total heat released at that specific 
condition. Figure 4.17 below plots this normalized heat release for the 5 most dominant 
heat release reactions. First, note that the dominant reactions remain essentially the same 
for the DNS, the PSR, and the stretched, premixed flame.  Specifically, O+CH3→H+CH2O 
is the dominant heat release reactions (except at high residence times or low stretch). Its 
contribution to heat release increases by ~45% with decreasing residence time, by ~27% 
with increasing stretch and ~9% with increasing turbulence. 
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Figure 4.17. Variation of normalized heat release for the 5 dominant heat release 
reactions with Karlovitz number (DNS), stretch (OPPDIF) and residence time (PSR) 
The second dominant heat release reaction for DNS is CO+OH→H+CO2. 
However, its contribution to heat release for stretched flames and for perfectly stirred 
reactors ranks fourth. Its contribution to heat release decreases by ~9% with increasing 
turbulence, by ~27% with increasing stretch and ~18% with decreasing residence time. The 
third and fourth dominant reactions are H+O2(+M)→HO2(+M) and HO2+OH→H2O+O2 
respectively, which show a similar decreasing trend as the previous reaction. These two 
reactions have the largest fractional change of ~25% and ~30%, respectively between Ka=0 
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and Ka=36. O+CH3→H+H2+CO is the second dominant reactions for the laminar flame 
models at high stretch or low residence times but is the fifth dominant reaction for the DNS.   
Second, the DNS shows significantly less sensitivity than the laminar calculations.  
Specifically, the reaction HO2+OH®H2O+O2 changes the most for the DNS, decreasing 
by ~8% as Ka increases from 1 to 36.  In contrast, the maximum change for the stretched 
laminar flame is ~50% and ~72% for the PSR for the same reaction.  This relative 
insensitivity is probably a manifestation of unsteady effects. 
The variation of some key species’ consumption and production is next analyzed. 
Figure 4.18 shows the variation for species and radicals involved in the formation of CO2. 
The OPPDIFF results and the DNS results are plotted for comparison. All the consumption 
plots in Figure 4.18 show little variation with increasing turbulence intensity and stretch. 
For turbulent flames, however, some additional reactions play a role. For example in Figure 
4.18(a) the reaction 2CH3→H+C2H5 is a consumer of the methyl radical whereas the 
reverse reaction is preferred for laminar flames. A similar observation is made for CH2O 
consumption with the reaction H+CH2O(+M)→CH3O(+M).  
The hydrogen species/radicals are considered next. Figure 4.19 plots the variation 






Figure 4.18. Variation of radicals/species consumption with Ka (DNS, left) and stretch 





Figure 4.19. Variation of radicals/species consumption with Ka (DNS, left) and stretch 
(OPPDIF, right) for (a) HO2 consumption (b) HO2 production and (c) OH 
consumption 
In Figure 4.19(a,b,c right) it can be observed that increasing stretch changes the 
dominant reaction consuming HO2 ,producing HO2 and consuming OH with increasing 
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stretch. For HO2 consumption the dominant reaction changes from OH+HO2→O2+H2O to 
H+HO2→2OH. This implies that with increasing stretch the chain branching reaction is 
enhanced over the chain termination reaction creating an increased radical pool of OH. The 
HO2 production’s dominant reaction, around the same stretch transition point, changes 
from H+O2(+M)→HO2(+M) to HCO+O2→HO2+CO. The OH consumption is also 
affected around this transition point which is seen by the shift of the dominant reaction 
from OH+CO→CO2+H to OH+CH4→CH3+H2O. These transitions are however, not seen 
for the turbulent flames but the changes remain qualitatively similar in the low-moderate 
stretch regions. 
4.3.4 Global analysis conditioned on curvature 
Having considered the relative roles of different reactions averaged over the entire 
flame, this section considers a more local evaluation of this issue by conditioning results 
on curvature.  A familiar effect of turbulence on the flame is surface wrinkling. This can 
in turn alter the reaction rates and hence 𝑞t and 	𝜔t. , for stretch sensitive flames. 
Figure 4.20 plots the fractional contribution to heat release of each of the elements 
with increasing turbulence intensity. Even though the heat released varies with turbulence, 
the normalization enables an effective comparison between all the elements eliminating the 
changes in the actual values.  
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Figure 4.20. Variation of fractional heat release within each element with Karlovitz 
number. (.▲:Spherical negatively curved, .◄:Cylindrical negatively curved, 
.●:Saddle points, +:Spherical positively curved, .x: Cylindrical positively curved) 
Figure 4.21 plots the heat released by 6 dominant reactions. The heat release is 
normalized by the total heat released by all the reactions within a certain element. It can be 
seen that the same 6 reactions dominate the heat release in all 5 elements. However, there 
is some change in the relative roles of three different reactions for the two positive 
elements, while they do not for the negatively curved ones.  However, the most dominant 
reaction changes from O+CH3→H+CH2O in the positively curved and saddle point 
elements to OH+CO→CO2+H in the negatively curved elements. A higher fuel 
consumption by the reaction OH+CH4→CH3+H2O in the positively curved elements leads 
to a higher concentration of CH3 and hence an increased reaction rate (and heat release) for 
reactions consuming CH3 such as O+CH3→CH2O+H and O+CH3→CO+H2+H. This in 
turn leads to reduced CH4(and hence CH3) concentrations in the negatively curved 
elements reducing the reaction rates of the above mentioned two reactions. As a result, the 
reaction of OH+CO→CO2+H takes over as the dominant heat release reaction for these 
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elements as illustrated in Figure 4.21(c)-(d). The heat release contributions in the positively 
curved elements show the maximum variation with turbulence intensities. For example, the 
heat release contribution decreases by ~50% for the reactions OH+CO→CO2+H, 
OH+HO2→O2+H2O and H+O2(+M)→HO2(+M) in these elements. The chemical 
pathways seem fairly invariant to increasing turbulence intensity in the negatively curved 
(convex towards products) elements. It can also be noted that the reaction 
HCO+O2→HO2+CO has a higher heat release than HO2+OH→H2O+O2 at higher 
turbulence intensities (i.e. Ka=36) than at Ka=1 for the positively curved elements (Figure 
4.21 (a) and Figure 4.21(b)). The dominant heat release reaction does not change for the 
positively curved elements. The major change observed is the shift of the second dominant 
heat release reaction from OH+CO→H+CO2 at lower turbulence intensities (Ka=1, 4) to 
O+CH3→H+H2+CO at higher turbulence intensities (Ka = 36). The ordering of the other 
reactions is similar to the global trends shown in Figure 4.17. 
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Figure 4.21. Normalized heat release by the dominant reactions in (a) Spherical 
positively curved elements (b) Cylindrical positively curved elements (c) Spherical 




To better understand the shift in dominant heat release reaction from positively to 
negatively curved elements, the consumption rates of selected species are plotted in Figure 
4.22. 
 
Figure 4.22. Normalized (a) HO2 production (b) OH consumption and (c) H 
production by the dominant reactions for the different elements; (.▲:Spherical 
negatively curved, .◄:Cylindrical negatively curved, .●:Saddle points, +:Spherical 
positively curved, .x: Cylindrical positively curved). 
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It can be seen in Figure 4.22(a), the reaction H+O2(+M)→HO2(+M) is the dominant 
producer of HO2 in the negatively curved elements, saddle points and in the positively 
curved elements at lower turbulence intensities (Ka=1). At higher turbulence intensities, 
HCO+O2→HO2+CO takes over as the dominant producer of HO2 for the positively curved 
elements. The HO2 production in the saddle points follow trends similar to the negatively 
curved elements as seen in Figure 4.22(a, left). These 2 reactions also show the maximum 
change (~20%) with increasing turbulence intensities for the positively curved elements. It 
can be noted that its contribution to HO2 production at higher turbulence intensities 
(Ka=36) is comparable to H+O2(+M)→HO2(+M) in the saddle points. Figure 4.22(b) plots 
the variation of OH consumption with turbulence intensities in the different elements. 
OH+CO→H+CO2 is the dominant consumer of OH for the negatively curved elements and 
for saddle points, positively curved elements at lower turbulence intensities (Ka=1). At 
higher turbulence intensities, the CH4 decomposition (fuel consumption) reaction of 
OH+CH4→CH3+H2O is the higher consumer of OH radicals with a 25% increased 
consumption with increasing turbulence intensities. In the negatively curved element, the 
reactions OH+CH4→CH3+H2O, 2OH→O+H2O and OH+H2→H+H2O have comparable 
OH consumption rates that are fairly invariant with increasing turbulence intensities. 
However, for the positively curved elements and saddle points there is increased OH 
consumption (~20%) by the reaction OH+H2→H+H2O (3rd dominant consumer) and 
decreased OH consumption (~15%) by OH+CO→H+CO2 and 2OH→O+H2O (4th 
dominant consumer). Figure 4.22(c) plots the H production variation. The H production 
chemistry remains the same across all 5 elements showing a maximum variation of ~15% 
for the positively curved elements. 
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4.3.5 Global analysis conditioned on progress variable 
This section considers similar metrics as the previous one focusing on integrated 
metrics between specific progress variables.  Figure 4.23 plots the normalized heat release 
variation at different 𝑐. 
 
Figure 4.23. Variation of normalized heat release at (a)𝒄 = 𝟎. 𝟏 (b) 𝒄 = 𝟎. 𝟑 (c) 𝒄 =
𝟎. 𝟓 (d)	𝒄 = 𝟎. 𝟕. 
Overall the same dominant heat release reactions can be observed at different 𝑐. 
Changes with turbulence are slightly pronounced at progress variables closer to the leading 
edge of the flame. For example, the contribution of the reaction OH+CO→H+CO2 to heat 
release decreases by ~25% at 𝑐 = 0.1 and ~20% at 𝑐 = 0.3 with increasing turbulence 
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compared to a ~9% for the overall flame. Similarly, the contribution of the reaction 
O+CH3→CH2O+H increases by about ~5% at 𝑐 = 0.1	between Ka=1 and Ka=36 
compared to a ~2% change for the overall flame between Ka=1 and Ka=36. At the leading 
edge of the flame i.e. at 𝑐 = 0.1 the reactions O+CH3→CO+H2+H takes over from 
HO2+OH→H2O+O2 as the 4th dominant heat release reaction at higher Ka. These two 
reactions have comparable contributions to heat release at higher Ka for 𝑐 = 0.3.	The heat 
release variations for 𝑐 = 0.5,0.7 behave similar to its global counterpart. For example, the 
reaction, O+CH3→CH2O+H changes by ~9% for the global characteristics. This change is 
between 7-12% for the progress variables away from the leading edge of the flame.  The 
higher sensitivity of the reaction H+O2(+M)→HO2(+M) as identified from the global 
analysis is prevalent at all progress variables with a pronounced increase at the leading 
edge of the flame. The change in the contribution of this reaction varies between ~20-50% 




Figure 4.24. Progress variable conditioned heat release for (a)O+CH3→CH2O+H (b) 
H+O2(+M)→HO2(+M) (c) HO2+OH→O2+H2O (d) OH+CO→CO2+H (e) 
O+CH3→CO+H2+H  ; (Blue: All 𝒄 ,  Orange: 𝒄 = 0.1, Yellow: 𝒄 = 0.3, Purple: 𝒄 = 0.5, 




In general, from Figure 4.24 it can be observed that the laminar calculations bound 
the quantitative contributions of the reactions except for OH+CO→CO2+H wherein the 
heat release contributions at lower Ka lies outside the laminar bounds. With increasing 
turbulence intensity, the contribution of this reactions decreases and falls within the laminar 
bounds. Overall, the variations are not significant as highlighted by the limited range on 
the y-axis of all the plots. The variation across progress variables (i.e. from 𝑐 = 0.1 to 𝑐 = 
0.7) for all the reactions is of the order of ~10-13% with the maximum variation of ~20% 
for OH+CO→CO2+H. In general, the means from the global characteristics lie closer to 𝑐 
= 0.5,0.7 with the leading edge showing the most significant changes for all the reactions. 
For example, the reactions HO2+OH→H2O+O2 shows a ~40% decrease with increasing 
turbulence intensities from Ka=1 to Ka=36 for 𝑐 = 0.1 whereas this change is ~10% 
between Ka=1 and Ka=36 for the global mean.  
The consumption and production pathways of selected species are shown in Figure 
4.25. The same dominant reactions as the global characteristics are identified for HO2 
consumption, production and OH consumption. For all these species, interesting 
characteristics are observed for the two progress variables; one closer to the leading edge 
of the flame and the other closer to the trailing edge of the flame. For example, at Ka=36, 
OH consumption by OH+CO→CO2+H and OH+CH4→CH3+H2O become comparable at 
𝑐 = 0.1. This behavior is similar to the stretched flame behavior shown in Figure 4.19(c) 
wherein with increasing stretch OH+CH4→CH3+H2O takes over from OH+CO→CO2+H 
as the dominant OH consumer. 
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Figure 4.25. Normalized contribution of reactions for (a) OH consumption (b) HO2 
production (c) HO2 consumption for 𝒄 = 𝟎. 𝟏	 𝐥𝐞𝐟𝐭 , 𝟎. 𝟕 𝐫𝐢𝐠𝐡𝐭 . 
This strong resemblance of pathways to stretched flames can be observed for HO2 
production and consumption in Figure 4.19(b) and (c) with Figure 4.25(b) and (c) 
respectively. For example, with increasing turbulence intensities, HCO+O2→HO2+CO 
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becomes the dominant HO2 producing reaction over H+O2(+M) →HO2(+M) with ~13% 
increase in its contribution. Similarly, at lower turbulence intensities, OH+HO2→O2+H2O 
is the dominant HO2 consuming reaction and its contribution decreases by ~6% with 
increasing turbulence. However, the chain branching reaction of H+HO2→2OH is the 
dominant reaction with its contribution increasing by ~10% at higher turbulence intensities. 
This behavior is consistent with the trends shown for stretched flames with increasing 
stretch rates. Thus, a striking similarity is seen in the pathways between stretched flames 
and progress variables closer to the leading edge of the flame. Progress variables closer to 
the trailing edge of the flame are well represented by the pathways at 𝑐 = 0.7. These 
pathways are very similar in characteristics and behavior to the global characteristics for 
the DNS cases. For example, OH+CO→CO2+H is the dominant OH consuming reaction 
for both cases and changes by ~6% for the global characteristics and ~13% at  𝑐 = 0.7 
between Ka=1 to Ka=36. Similarly, for HO2 production, the percentage change in 
H+O2(+M) →HO2(+M) with increasing turbulence intensities is ~4% at  𝑐 = 0.7 and ~2% 
for global characteristics.  
Overall, the leading edge of the flame which is primarily composed of positively 
curved elements shows pathways very similar to highly stretched flames with increasing 
turbulence intensities. Away from the leading edge, the pathways resemble the global 
characteristics wherein a significant contribution comes in from the negatively curved 





This section discusses the global and conditioned results for the n-dodecane flames. 
4.4.1 “Flame” surface definition 
Figure 4.26 plots the variation of heat release rate and fuel consumption for 
unstretched laminar flames. 
 
Figure 4.26. Variation of fuel consumption and heat release rate as a function of 
temperature for nC12H26/Air flames with 𝝓=0.7, Tu=298K, p=1atm. 
The peak temperature for heat release and fuel consumption is 1460K and 1200K 
respectively. For n-dodecane/air flames, pyrolysis is the first step in fuel oxidation wherein 
the fuel is broken down into smaller fragments. The eventual oxidation to CO2, H2O and 
heat release occurs at higher temperatures. The isotherm corresponding to peak heat release 
is chosen to define the iso-surface. Again, a higher temperature iso-value forms a well-
connected surface with well-defined normals.  
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4.4.2 Data Visualization 
Slices of temperature and some key reactions for n-dodecane/air flames are shown 
in Figure 4.27. 
 
Figure 4.27. Slices of temperature(top), HO2+OH→O2+H2O reaction rate (center) 
and CO+OH→CO2+H reaction rate(bottom). The slices are constructed using the x=0 
and y=0 plane using the fact of periodic lateral boundary conditions. 
The clear thickening of the flame with increasing turbulence intensity, which has been 
established in literature[13, 68], can be observed from the temperature slices. For the lower 
Ka cases, the flame is thin and slightly wrinkled. With increased turbulence intensities, the 
temperature region between 800-1300K starts broadening suggesting penetration of the 
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eddies in the preheat zone. With further increase in turbulence, the further spatial 
broadening of the preheat zone can be observed. Even though there is a significant spatial 
variation in temperature, certain reactions still have a thin zone of reaction. For example, 
it can be observed that the reaction HO2+OH→O2+H2O occurs within a thin reaction zone 
even at higher Ka. However, certain other reactions mimic the temperature broadening 
leading to broadened reaction zones. This can be seen for the reaction CO+OH→CO2+H 
which has a broadened reaction zone with increasing turbulence intensities with a 
pronounced effect at Ka=108. 
As discussed in the previous section, the flame is defined by the 1460K isotherm. 
Figure 4.28 shows the isotherm, 𝑇uJW = 1460 K (colored by local values of the heat release) 
for the cases considered. 
 
Figure 4.28. Isotherm, 𝐓𝐫𝐞𝐟 = 1460 K(colored by heat release).  (Top) X-Y slices of the 
flame surface (bottom) 3D view of the flame surface. The rectangular domain is 
shown in black lines. 
The increased wrinkling of the flame with increasing turbulence is apparent from 
Figure 4.28. A wider range of heat release occurs over the highly wrinkled surfaces at the 
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higher turbulence levels of Ka=36,108 compared to Ka=1,4. Increased local curvature 
(positive or negative) leads to focusing and defocusing of scalars which directly affects the 
local reaction rates and hence heat release. The flames maintain their flamelet-like structure 
which is observed in the plot for heat release and fuel consumption as function of a 
temperature based progress variable.  
 
Figure 4.29. Variation of (a) fuel consumption and (b) heat release along a progress 
variable through the flame for different turbulence intensities for n-dodecane flames. 
𝑐=0 corresponds to reactants and 𝑐=1 corresponds to products. The fuel consumption and 
heat release increase from zero to a maximum at a given progress variable and decreases 
to zero on the products side.  
 
4.4.3 Global analysis 
Figure 4.30 plots the variation of normalized heat release for stretched flames, PSR 
and DNS.  
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Figure 4.30. Variation of normalized heat release with (a) increasing stretch and (b) 
decreasing residence time and (c) increasing turbulence intensities using You et 
al.[89]’s mechanism. 
Starting with Figure 4.30(a) and (b), the first observation is that the same set of 
dominant heat release reactions appear for both the reference calculations. However, there 
are differences in sensitivity to k and tres, as well as in the dominant reaction at a given 
point, between the two reference calculations.  For example, the reaction of 
HO2+OH→O2+H2O increases with k with a maximum variation of ~8%. The same 
reaction decreases with decreasing residence time by ~65% for the PSR. Similarly, the 
reaction of CH3+O→CH2O+H is fairly invariant to increasing stretch, changing by ~1% 
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from 𝜅/𝜅JQR=0 to 𝜅/𝜅JQR = 0.97. The contribution of the same reaction increases by ~50% 
with decreasing residence time. This observation is very different from that observed in the 
case of lighter fuels, such as hydrogen and methane discussed in Sections 4.2 and 4.3, 
wherein the variation between the stretched flame and the PSR results was within ~20%.  
Considering next the turbulent flame results in Figure 4.30(c), the plot shows that 
the dominant heat release reactions identified from DNS are the same dominant reactions 
as seen for stretched flames and PSR. The ordering and behavior of the reactions more 
closely resembles those of stretched flames. Overall, however, the results show almost no 
change of the reactions contributions with Ka.  For example, the variation in normalized 
heat release for the dominant heat release reaction, CO+OH→CO2+H, with increasing 
turbulence intensities is ~6% between Ka = 1 and Ka = 12.  The difference between the 
unstretched laminar case and the Ka=108 case is ~2%. Similarly, the maximum variation 
for the second dominant heat release reaction, HO2+OH→O2+H2O, is ~5% between Ka=1 
and Ka=12.  
Having considered heat release, another metric that can be used to assess turbulence 
effects on chemical pathways is radical formation or destruction rates. Figure 4.31 plots 
the fractional consumption of the high temperature radicals, CH3 (left) and HCO (right), 
for the DNS and model reactor/flame calculations.  
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Figure 4.31. Dependence of normalized consumption rates for (a) HCO and (b) CH3 
upon Karlovitz number (top), stretch rate (center) and residence time (bottom) 
Significant quantitative variation of consumption rates via these reactions is 
observed between the two configurations. All the dominant HCO-consuming reactions 
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form CO, as seen in Figure 4.31(a). For stretched flames, HCO+O2→CO+HO2 surpasses 
HCO+M→CO+H+M as the dominant HCO-consuming reaction at high stretch rates. 
These two reactions are also the most dominant HCO consumers for perfectly stirred 
reactors. These reactions also have similar directional sensitivity to stretch/residence time 
for both models. For example, HCO consumption via the reaction, HCO+M→CO+H+M, 
decreases by ~8% from 𝜅/𝜅JQR=0 to 𝜅/𝜅JQR = 0.97 and by ~32% from 𝜏JQR/𝜏uJv=0.05 to 
𝜏JQR/𝜏uJv = 0.91. Similarly, the normalized rate of HCO consumption by 
HCO+O2→CO+HO2 increases by ~20% from 𝜅/𝜅JQR=0 to 𝜅/𝜅JQR = 0.97 and by ~65%  
from 𝜏JQR/𝜏uJv=0.05 to 𝜏JQR/𝜏uJv = 0.91.  
The two dominant CH3-consuming reactions are CH3+O→CH2O+H and 
CH3+OH→CH2*+H2O. These two reactions account for almost ~65% and ~90% of the 
consumption of CH3 for stretched flames and the perfectly stirred reactor, respectively. For 
the stretched laminar flame, both reactions show limited sensitivity to increasing stretch 
with a maximum change of 4%. For the PSR, this change is ~25% with decreasing 
residence times.  
The dominant reactions for each species in DNS exhibit a strong qualitative and 
quantitative similarity with their stretched flame counterparts. For example in Figure 
4.31(a), HCO+M→CO+H+M consumes ~45% of the total HCO as seen in Figure 4.31(a, 
top and center) and changes by <1% with increasing turbulence intensity. The maximum 
change of ~8% is seen for the reaction HCO+O2→CO+HO2 between Ka=1 and Ka=12. 
Unlike the stretched, laminar flames, no cross-over is seen by the two dominant reactions. 
In Figure 4.31(b), the dominant CH3 consuming reaction of CH3+O→CH2O+H shows a 
maximum increase of ~7% with increasing turbulence intensity. The primary difference 
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between stretched flames and DNS is the appearance of the fuel fragments recombination 
reactions of 2CH3 →C2H5+H and CH3+C2H4→nC3H7 in addition to 2CH3(+M) 
→C2H6(+M). 
Figure 4.32 plots the consumption rates for OH (high temperature radicals) and 
HO2 (low temperature radical).  Similar conclusions as discussed above can be drawn here- 
most notably, the weak effect of Ka on the relative contributions of radical 
formation/destruction reactions. In general, all reactions for the DNS and the stretched 
laminar flames show only minor variations with increasing turbulence intensities/ stretch. 
On the other hand, substantial variation is seen with changing residence times for the PSR.  
This is likely a thermal effect. Figure 4.33 (a) plots the flame speed and temperature 
dependence upon the normalized stretch rate. The k=0 result comes from PREMIX. Figure 
4.33(b) plots the temperature variation as a function of residence time.  For reference, 
Figure 4.33(c) plots the temperature variation for the DNS flames with Karlovitz number. 
This temperature is obtained by taking the mean of the maximum temperature along all 
flame normals. The error bars indicate one standard deviation from the mean value of this 
maximum temperature at every Ka. This mean changes by ~80K from Ka=1 to Ka=108 
suggesting limited thermal effects with turbulence. Comparing the temperature changes for 
the three calculations, there is a roughly 300K, 200K, and 80K difference for the PSR, 
stretched flame, and DNS.  In other words, the PSR temperature changes the most and the 
DNS the least which may be a key driver behind the much larger changes in chemical 
pathways for the PSR with residence time than is observed for the stretched flames, as well 
as a possible reason for the near insensitivity of integrated reaction metrics to Karlovitz 
number for the turbulent flame. 
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Figure 4.32. Variation of normalized consumption rates for (a) OH and (b) HO2 with 





Figure 4.33. (a) Flame speed and maximum temperature variation with increasing 
stretch rates obtained from OPPDIF(left) (b) max maximum temperature variation 
with decreasing residence time and (c) maximum temperature variation with 
increasing turbulence intensities for DNS calculation, ϕ=0.7 n-dodecane/air, 
Tu=298K, p=1atm.for ∅ = 𝟎. 𝟕, Tu=298K, p=1atm.  
 
4.4.4 Global analysis conditioned on curvature 
This section focuses on curvature conditioning of the integrated metrics discussed 
above. Five different topological regions (concave/convex spherical elements, 
concave/convex cylindrical elements, and saddle points) conditioned on the two principal 
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components of curvature, 𝕜r and 𝕜s are defined. Figure 4.34 below plots the fractional 
contribution of the different elements to the net heat release.  
 
Figure 4.34. Variation of fractional heat release within each element with Karlovitz 
number. (.▲:Spherical negatively curved, .◄:Cylindrical negatively curved, 
.●:Saddle points, +:Spherical positively curved, .x: Cylindrical positively curved) 
It can be observed that most of the heat release occurs in the negatively curved 
regions, as expected for this reactant mixture, where Le>1 and where burning is enhanced 
in negatively curved regions. Aspden et al.[68] showed a higher concentration of key 
species in these regions which in turn leads to increased reaction rates.  
Figure 4.35 below plots the fraction heat release contribution of different reactions 
in each element. The heat release by a reaction is normalized by the total heat release within 
a certain element. It can be seen that the same reactions dominate the heat release in all 5 
elements. The most dominant reaction changes from CO+OH→CO2+H to 
HO2+OH→O2+H2O in the positively curved elements with increasing turbulence 
intensities. Slices of reaction rates suggest a broadened region of reaction rate for 
CO+OH→CO2+H which leads to lower overall values of the reaction rates and hence heat 
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release whereas the reaction HO2+OH→O2+H2O occurs in a thin region. This leads to a 
lowered contribution of the CO2 formation reaction to the net heat release with increasing 
turbulence intensities. The most significant change is seen for the reaction 
H+OH+M→H2O+M with a decrease in contribution of ~50% in the positively curved 
elements. H+O2(+M)→HO2(+M) and HCO+O2→CO+HO2 change by ~40% with 
increasing turbulence intensities. Additionally, we note the growing contribution of the 
reaction CH2O+OH→HCO+H2O in these elements. This reaction has a higher heat release 
contribution than H+O2(+M)→HO2(+M) and H+OH+M→H2O+M at higher turbulence 
intensities suggesting a slight alteration of the heat release pathway at higher Ka for the 
positively curved elements. One can also note a comparable heat release contribution of 
the reactions CH3+O→CH2O+H and HCO+O2→CO+HO2 to the dominant reactions at a 




Figure 4.35. Normalized heat release by the dominant reactions in (a) Spherical 
negatively curved elements (b) Cylindrical negatively curved (c) Saddle point 
elements (d) Spherical positively curved (e) Cylindrical positively curved elements. 
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The contribution of the reactions in the negatively curved regions and saddle point elements 
behave similar to its global counter-part. For example, the contribution of the reaction 
CO+OH→CO2+H changes by ~6% for the global characteristics and for these three 
elements.  
Figure 4.36 below plots the normalized rate of consumption/production of certain 
key species. The same dominant reactions for HCO can be observed in Figure 4.36(a). For 
HCO consumption, it can be noted that HCO+O2→CO+HO2 is the dominant HCO 
consuming reaction in the positively curved elements (Figure 4.36 (a, left)) followed by 
HCO+M→H+CO+M. The contribution of HCO+O2→CO+HO2 increases by ~25% with 
increasing turbulence intensities whereas the contribution of HCO+M→H+CO+M 
decreased by ~25%. The same two reactions are observed for the negatively curved 
elements and saddle point elements (Figure 4.36 (a, right)). The order of the dominant 
reactions is reversed for these elements with limited sensitivity to increasing turbulence 
intensities. For OH we can observe changes in the contributions of the secondary reactions 
with increasing turbulence intensities for the positively curved elements (Figure 4.36 (b, 
left)). The consumption of OH by CO+OH→CO2+H decreases by ~15% with increasing 
turbulence intensities. At higher turbulence intensities, the reactions HO2+OH→H2O+O2, 
OH+H2→H2O+H and CH2O+OH→HCO+H2O have a higher consumption rate than 
2OH→H2O+O which is the second dominant OH consumer at lower turbulence intensities. 
The contributions of these reactions do not change significantly for the negatively curved 




Figure 4.36. Normalized species consumption by the dominant reactions for (a) HCO 
consumption (b) OH consumption (c) H2O productions. (.▲:Spherical negatively 
curved, .◄:Cylindrical negatively curved, .●:Saddle points, +:Spherical positively 
curved, .x: Cylindrical positively curved). 
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The pathways for water formation, one of the key products in hydrocarbon 
combustion, are strongly affected with increasing turbulence intensities for the positively 
curved elements (Figure 4.36(c, left)). For example, CH2O+OH→HCO+H2O takes over as 
the dominant H2O producing reaction from HO2+OH→H2O+O2 at higher turbulence 
intensities. Also, the reactions C2H4+OH→C2H3+H2O and CH3+OH→CH2*+H2O have a 
higher contribution to H2O production than 2OH→H2O+O with increasing Ka. These 
contributions are increased by ~25% from Ka=1 to Ka=108. Other species such as HO2, 
CH3 show limited sensitivity to turbulence and curvature. Figure 4.37 plots the normalized 
contributions to certain other key species consumption by different reactions.   
 
Figure 4.37. Normalized species consumption by the dominant reactions for (a) CH3 
consumption (b) HO2 consumption. (.▲:Spherical negatively curved, .◄:Cylindrical 




The dominant reactions for CH3 consumption show limited sensitivity to increasing 
turbulence intensity (Figure 4.37(a)). The reactions of secondary importance for CH3 
consumption include recombination reactions. At higher turbulence intensities, 
C2H4+CH3→nC3H7 has a comparable consumption rate compared to 2CH3→C2H5+H for 
the positively curved elements. We do not observe these changes for the negatively curved 
elements (Figure A1(a, right)). The limited sensitivity of the HO2 consumption reactions 
to increasing turbulence intensities and curvature is evident in Figure 4.37(b). 
Overall, the reactions in the positively curved elements show a stronger sensitivity 
with increasing turbulence intensities compared to the negatively curved elements and 
saddle point elements. 
4.4.5 Global analysis conditioned on progress variable 
Figure 4.38 below plots the fractional contribution of the dominant reactions to the 
total heat release at a given progress variable. It is clear from Figure 4.38 that the same 
dominant heat release reactions show up at different progress variables. At the leading edge 
of the flame, i.e.  𝑐 = 0.1(in Figure 4.38(a)), the variations in the reactions with increasing 
Ka are the most significant. At higher Karlovitz numbers, the reaction HO2+OH→O2+H2O 
takes over as the most dominant reaction from CO+OH→CO2+H. The heat release 
contributions of H+O2(+M)→HO2(+M) and H+OH+M→H2O+M are attenuated by ~50% 
with increasing turbulence intensity. Additionally, the contribution of the reaction 
HCO+O2→CO+HO2 increases by ~35% with increasing turbulence intensities compared 
to a ~1% change for the global characteristics. The heat release variations for the reactions 
at the other progress variables (Figure 4.38(b), (c) and (d)), namely 𝑐 = 0.3, 0.5, 0.7, is 
 108 
similar to its global counter-part. For example, the reaction CO+OH→CO2+H changes by 
~6% for the global characteristics. This change is between ~1-6% for the progress variables 
away from the leading edge of the flame. Similarly, the change in the reaction 
CH3+O→CH2O+H is ~1-2% for the global behavior and these progress variables.  
 
 
Figure 4.38. Normalized heat release by different reactions at (a) 𝒄 = 𝟎. 𝟏 (b) 𝒄 = 𝟎. 𝟑 
(c) 𝒄 = 𝟎. 𝟓	(d) 𝒄 = 𝟎. 𝟕. 
The individual behavior of the reactions at different progress variables are 
considered and compared with their laminar counterpart. Figure 4.39 shows the variation 
of the key reactions at different progress variables with increasing turbulence intensities. 
The quantitative contributions of the reactions are close to the stretched flame calculations. 
However, certain reactions are relatively better represented than the others. For example, 
the contribution of the reactions CO+OH→CO2+H, HO2+OH→O2+H2O and 
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H+O2(+M)→HO2(+M) fall outside the bounds of the laminar calculations whereas 
CH3+O→CH2O+H, H+OH+M→H2O+M and HCO+O2→CO+HO2 are closer to the 
laminar bounds. The y-axis for the plots covers a relatively small range and hence the 
changes in variations across the progress variables is of the order of ~10-15% with the 
maximum change of the order of ~30% for all the reactions. In general, similar to our 
previous observation, the reactions at 𝑐 = 0.1 behave differently compared to other 
progress variables. For example, the reaction CO+OH→CO2+H shows a ~20% decrease 
in contribution with increasing Ka at the leading edge whereas it shows a modest change 
of ~5% for the other progress variables and the global behavior. This stronger increase or 
decrease in contributions with increasing turbulence intensities at 𝑐 = 0.1 can be observed 
for the others reactions as well such as HCO+O2→CO+HO2 and H+OH+M→H2O+M.  
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Figure 4.39. Progress variable conditioned heat release for (a)CO+OH→CO2+H 
(b)HO2+OH→O2+H2O (c)CH3+O→CH2O+H (d)H+O2(+M)→HO2(+M) 
(e)H+OH+M→H2O+M (f)HCO+O2→CO+HO2  ; (Blue: All 𝒄 ,  Orange: 𝒄 = 0.1, 
Yellow: 𝒄 = 0.3, Purple: 𝒄 = 0.5, Green:	𝒄 = 0.7).  Dashed horizontal lines denote range 
of values from OPPDIF calculations. 
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Figure 4.40 plots the normalized rates for HCO consumption, OH consumption and 
H2O production. At 𝑐 = 0.1, the dominant HCO consuming reaction is 
HCO+O2→CO+HO2 followed by HCO+M→H+CO+M. This observation is in line with 
our observation for the positively curved elements. The ordering of the reactions is flipped 
for 𝑐 = 0.7 similar to our observation for the global properties and the negatively curved 
conditions. The dominant OH consuming reaction does not change between the different 
progress variables. The reactions of secondary importance change with increasing 
turbulence intensities for 𝑐=0.1. For example, the OH consumption by the reaction 
2OH→O+H2O is comparable to the other secondary reactions at Ka=108. However, this 
reaction consumes twice as much OH compared with the other reactions at lower 
turbulence intensities. Pathways for water formation have a stronger sensitivity to 
turbulence at progress variables closer to the leading edge of the flame compared to the 
other progress variables. For example, the H2O production by the reaction 2OH→O+H2O 
decreases by ~50% and by the reaction CH2O+OH→HCO+H2O increases by ~35% with 




Figure 4.40. Normalized contribution of reactions for (a) HCO consumption (b) OH 
consumption (c) H2O production for 𝒄 = 𝟎. 𝟏	 𝐥𝐞𝐟𝐭 , 𝟎. 𝟕 𝐫𝐢𝐠𝐡𝐭  
The dominant reactions for CH3 consumption do not change between the different 
progress variables as seen in Figure 4.41(b). The reactions of secondary importance have 
varied contributions at higher turbulence intensities for 𝑐 = 0.1. For example, the reaction, 
C2H4+CH3→nC3H7 has a higher rate of consumption at higher turbulence intensities 
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compared to 2CH3→C2H5+H. Reactions involved in HO2 consumption show limited 
sensitivity to increasing Ka and remain consistent across all the progress variables as seen 
in Figure 4.41(a). 
 
Figure 4.41. Normalized species consumption by different reactions for (a) HO2 (b) 
CH3 for 𝒄 = 𝟎. 𝟏	 𝐥𝐞𝐟𝐭 , 𝟎. 𝟕 𝐫𝐢𝐠𝐡𝐭 . 
Overall, we see a stronger dependence of the reactions on Ka for progress variables 
closer to the leading edge of the flame compared to the rest of the flame. The behavior of 
the reactions at the other progress variables is closer to the global characteristics and are 




This chapter discusses modifications to the chemical pathways of lean premixed 
flames due to turbulence for three different fuels. The results are compared with counter 
flow flames and perfectly stirred reactors.  
It is found that for hydrogen/air flames the spatially integrated contributions of 
several key reactions to heat release, as well as H, OH, and HO2 consumption, remain 
qualitatively similar between a highly turbulent and a steady unstretched flame 
configurations.  For example, the contribution of the dominant exothermic reaction, 
H+O2+M→HO2+M, to the heat release changes by about 20% between the unstretched, 
laminar flame and the Ka=36 turbulent flame.  The importance of the H+OH+M→H2O+M 
reaction roughly doubles, which is a substantial effect, but its overall contribution to the 
heat release is only 1/2 to 1/3 of the most exothermic reaction. The dominant heat release 
reaction is also the dominant consumer of the H radical. However, it shows a decreased 
consumption from the laminar unstretched case to the Ka=36 case. The most significant 
change between the steady and turbulent cases is associated with the HO2 consumption by 
the reaction HO2+H→OH+OH, showing an increase by 40%. Its heat release shows 
minimal changes with increasing Ka.  Similarly, analysis of the chemical pathways for 
progress-variable-conditioned results showed strong similarities between the steady 
unstretched cases and turbulent cases.  The largest differences are seen near the leading 
edge of the brush, at 𝑐=0.1, but even here the relative importance of the dominant 
exothermic reaction changes by 5% from Ka=1 to Ka=36. The key implication suggests 
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that the kinetics of highly turbulent, lean premixed hydrogen-air flames is not markedly 
different from their steady, unstretched 1D counterparts.   
The results for methane/air flames is consistent with the hydrogen/air analysis - 
namely that the fractional contribution of the dominant heat release reactions changes 
relatively little between laminar flames and highly turbulent ones; e.g., O+CH3→CH2O+H 
accounts for ~14% of the total heat release and shows limited variation with increasing 
turbulence intensities. The CO2 formation reaction of OH+CO→H+CO2 contributes about 
~12% to the total heat release increasing by ~9% with increasing turbulence. The hydrogen 
chemistry reactions of H+O2(+M)→HO2(+M) and H2+OH→H2O+H follow next with a 
contribution of ~8-9% each to the total heat release. These reactions also display the 
maximum fractional change of ~25-30% between Ka=0 and Ka=36. Similar conclusions 
apply for key reactions involving C-containing species/radicals.  The stretched flame 
results also mirrored the DNS results for the lower stretch rates for the H-containing 
species. At higher stretch rates however, some species production reactions, such as those 
producing HO2 and OH showed cross-over to different reactions that dominated their 
consumption or production. For example, the dominant producer of HO2 shifted from 
H+O2(+M)→HO2(+M) to HCO+O2→HO2+CO with increasing stretch rates. The 
curvature conditioned data showed different chemistry behavior in the negatively and 
positively curved elements, as well as significantly more changes in dominant reactions in 
the positively curved (spherical and cylindrical elements). For example, a shift from 
O+CH3→CH2O+H to OH+CO→H+CO2 was observed from the positively curved to the 
negatively curved elements. The HO2 production showed a cross-over from 
H+O2(+M)→HO2(+M) to HCO+O2→HO2+CO from negatively curved to positively 
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curved elements. At progress variables closer to the leading edge of the flame, the pathways 
for key species is similar to highly stretched flames whereas for progress variables away 
from the leading edge of the flame, the pathways are similar to the global characteristics 
obtained from DNS.  
Finally, the changes in chemical pathways for n-dodecane/air premixed turbulent 
flames are analyzed wherein the metrics are conditioned on local quantities such as 
curvature and fuel consumption. It is observed that the fractional contribution of the 
dominant heat release reactions changes very little with increasing turbulence intensity.  
For example, the reaction, CO+OH→CO2+H, accounts for ~15% of the total heat release, 
and shows limited variation (~6%) for Ka varying from 0 to 108. The H2O formation 
reaction, HO2+OH→O2+H2O, contributes about ~12% to the total heat release, and 
increases by ~5% over the same range. Flame slices suggest a stronger effect on the 
reaction rate of CO+OH→CO2+H compared to HO2+OH→O2+H2O. In fact, in negatively 
curved regions at Ka=12, HO2+OH→O2+H2O is slightly enhanced compared to it values 
at Ka=4 whereas a significant variation is seen for CO+OH→CO2+H. The DNS results 
mirror closely those of the stretched flame results. For example, the dominant CH3-
consuming reaction, CH3+O→CH2O+H, is responsible for 65% of the total CH3 
consumption, and changes by ~7% with increasing turbulence intensity. The same reaction 
changes by ~4% from 𝜅/𝜅JQR=0 to 𝜅/𝜅JQR = 0.97 in the steady stretched flames. reactions 
to increasing turbulence intensities. For the curvature conditioned results, it is observed 
that the negatively curved elements and the saddle point element behave similar to their 
global counterpart. For example, the contribution of the reaction CO+OH→CO2+H, which 
accounts for ~15% of the total heat release, changes by ~6% for the global characteristics 
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and for these three elements. However, on the other hand more significant changes are 
observed for the positively curved elements. The most dominant reaction changes from 
CO+OH→CO2+H to HO2+OH→O2+H2O in the positively curved elements with 
increasing turbulence intensities. The most significant change is seen for the reaction 
H+OH+M→H2O+M with a decrease in contribution of ~50% in the positively curved 
elements. A stronger sensitivity of the reaction path for different species is observed in 
these elements as well. For example, the contribution of the second dominant OH 
consuming reaction of 2OH→H2O+O decreases by ~50% with increasing turbulence 
intensities whereas for the negatively curved elements it changes by ~5%. Certain species 
show altered pathway between the different elements. For example, the dominant HCO 
consuming reaction for the positively curved elements is HCO+O2→CO+HO2. The 
dominant reaction changes to HCO+M→H+CO+M in the saddle point and negatively 
curved elements. Progress variable based conditioning reveals a slightly different behavior 
at 𝑐	 closer to the leading edge of the flame compared to the rest of the flame. The reaction 
HO2+OH→O2+H2O takes over as the most dominant reaction from CO+OH→CO2+H 
with increasing turbulence intensities and a nearly 50% drop in the heat release 
contributions of the reactions H+O2(+M)→HO2(+M) and H+OH+M→H2O+M at 𝑐 = 0.1. 
This difference in behavior at 𝑐 = 0.1 is also observed when we compare individual 
reactions at different progress variables. We also observe that some reactions, such as 
H+OH+M→H2O+M and CH3+O→CH2O+H are bounded within their laminar maxima 
and minima.  In contrast, reactions such as CO+OH→CO2+H, H+O2(+M)→HO2(+M) lie 
outside these laminar bounds. However, the difference in their contributions with respect 
to their laminar counter-part is of the order of ~10-30%. The reactions consuming or 
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producing the species involved are sensitive to turbulence at progress variables closer to 
the leading edge of the flame compared to the other progress variables. For example, the 
contribution of the H2O producing reaction, 2OH→H2O+O drops by ~50% from Ka=1 to 
Ka=108 for 𝑐 = 0.1 and by ~5% for 𝑐 = 0.3,0.7. 
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CHAPTER 5. FLAME STRUCTURE - LOCAL ANALYSIS 
Local analysis analyzes the conditional means of reaction rates and species 
concentration for hydrogen, methane and n-dodecane flames. These are compared with 
unstretched and stretched laminar calculations to understand the applicability of laminar 
chemistry and tabulation for turbulent flames.   
5.1 Hydrogen 
As a first look for hydrogen flames, the fuel consumption rate and heat release for 
different Ka are plotted in Figure 5.1. Unstretched and stretched laminar flames using 
mixture-averaged and Le=1 transport are overlaid. An increase in fuel consumption and 
heat release with increasing turbulence across all temperatures can clearly be observed. 
The peak temperature for fuel consumption changes from 1065K at Ka=1 to 1135K at 
Ka=36 showing a limited change of 70K. The peak temperature for heat release does not 
change appreciably with increasing turbulence. 
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Figure 5.1. Variation of fuel consumption (top, left) normalized fuel consumption 
(top, right), heat release (bottom, left) and normalized heat release (bottom, right) 
with temperature for hydrogen/air flames. Black dashed line: Unstretched laminar, 
Black dotted line: Maximum stretch, Blue dashed line: Unstretched Le=1 laminar, 
Blue dotted line: Stretched Le=1 laminar, Blue: Ka=1, Orange: Ka=4, Yellow: Ka=12, 
Purple: Ka=36. 
Lean hydrogen flames are susceptible to thermo-diffusive instabilities and hence 
an unstretched laminar flame for these conditions is a theoretical construct and cannot be 
realized. This is apparent in the figure wherein the unstretched laminar profile behaves 
differently compared to the turbulent flame and stretched flame profiles. For example, the 
unstretched laminar flame profile shows significantly lower fuel consumption and heat 
release in the low temperature region i.e. T<1000K compared to all the turbulent flames. 
The stretched flame profile can capture the essential features of turbulent flames i.e. 
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increasing heat release and fuel consumption across all temperatures with increasing 
stretch. However, these flames reach a lower equilibrium temperature compared to the 
adiabatic flame temperature and hence the profiles do not cover the entire expanse of the 
temperature space. Another feature of lean turbulent hydrogen flames is the appearance of 
regions of super-adiabatic temperatures due to cellular burning. The adiabatic flame 
temperature (Tad) for this hydrogen flame is 1426K. Non-zero heat release and fuel 
consumption can be observed for T > Tad. None of the laminar calculations shown here can 
capture this feature for lean hydrogen flames.  
Reaction rates for all the key reactions identified in Section 4.2.3 are plotted in 
Figure 5.2. The unstretched laminar flame profiles, similar to earlier observation, show a 
dissimilar behavior compared to the turbulent and stretched flame profiles. Significant 
increase in reaction rates across all temperatures can be seen for all the reactions. For 
example, the peak reaction rate for the reaction HO2+H→OH+OH almost triples from 
Ka=1 to Ka=36.  
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Figure 5.2. Variation of reaction rates (left) and normalized reaction rates (right) for 
different reactions with temperature for hydrogen flames. Black dashed line: 
Unstretched laminar, Black dotted line: Maximum stretch, Blue dashed line: 
Unstretched Le=1 laminar, Blue dotted line: Stretched Le=1 laminar, Blue: Ka=1, 
Orange: Ka=4, Yellow: Ka=12, Purple: Ka=36. 
Additionally, increased rates in the super-adiabatic regions can also be observed. For 
example, the reaction rate value for the reaction HO2+O→O2+H2O increases from nearly 
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0 at Ka=1 to ~100m3/s (~20% of the maximum value) at Ka=36 for T > Tad. This explicit 
change in reaction rates between Ka=1 and Ka=36 is shown in Figure 5.3. This change in 
reaction rate can be interpreted as a measure of the positional shift in the reaction rate 
profiles in temperature space.  
 
Figure 5.3. Variation of change of reaction rate between Ka=1 and Ka=36 for different 
reactions for hydrogen flames. 
The reaction rates at Ka=36 and Ka=1 are normalized by the maximum value of the 
given reaction’s rate at Ka=36 and Ka=1 respectively. The change in reaction rate (∆𝑅𝑅) 
is then calculated by taking the difference of the normalized reaction rate at Ka=36 and 
normalized reaction rate at Ka=1. This normalization also removes the effect of increased 
reaction rates due to larger volumetric burning with increasing turbulence intensity for 
these lean premixed hydrogen flames.  ∆𝑅𝑅 > 0 implies increased reaction rate at Ka=36 
compared to Ka=1. All key reactions show a significant increase in reaction rates with 
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increased turbulence in the low temperature region especially for T < 800K. The rates for 
reactions involving the low temperature radical HO2, HO2+H→OH+OH, 
H+O2(+M)→HO2(+M), HO2+OH→O2+H2O show a significant increase for T < 500K. 
The peak changes for the other key reactions occur in the higher temperature region i.e. 
above 1000K. For example, peak ∆𝑅𝑅 for O2+H→O+OH and H2+OH→H+H2O occurs at 
~1200K. The relative change in magnitude of the reaction rates in plotted in Figure 5.4.  
 
Figure 5.4. Variation of relative difference of reaction rates between Ka=1 and Ka=36 
for different reactions for hydrogen flames. 
The change in reaction rate (∆𝑅𝑅) is calculated by taking the difference of the 
reaction rate at Ka=36 and Ka=1 and normalizing this value with the peak value at Ka=1. 
All key reactions show a 1.5-2 times increase in reaction rates with increased turbulence. 
In general, all reactions are highly sensitive to turbulence with increased rates. Since the 
reaction rates are a strong function of species concentrations, a plausible explanation for 
this increase can be attributed to the increased radical pool at lower temperatures. Figure 
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5.5 plots the conditional means for the concentration of H, HO2, OH and H2 for the 
turbulent, unstretched and stretched flames.  
 
Figure 5.5. Variation of concentration for (a) OH (b) HO2 (c) H (d) H2 with 
temperature. Black dashed line: Unstretched laminar, Black dotted line: Maximum 
stretch, Blue dashed line: Unstretched Le=1 laminar, Blue dotted line: Stretched Le=1 
laminar, Blue: Ka=1, Orange: Ka=4, Yellow: Ka=12, Purple: Ka=36. 
For the species shown here, it can be observed that the turbulent flame trends align well 
with the stretched flame calculations. Increasing stretch leads to increased radical and 
species concentrations in the low temperature. In the context of turbulent flames, increasing 
turbulence increases the stretch experienced by the flame. This explains the increased 
reaction rates of the turbulent flame profiles at lower temperatures similar to that for highly 
stretched flames.  
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Figure 5.6. Variation of reaction rates with temperature for different Karlovitz 
number. Black solid line: DNS mean, Black dashed line: Unstretched laminar, Black 
dotted line: Maximum stretch, Grey region: mean± one standard deviation. 
 127 
It is imperative to note here that the means are a representation of the behavior of 
the different quantities such as reaction rates and concentrations and in general for turbulent 
flames there is a spread in data. Figure 5.6 plots the mean with one standard deviation 
(denoted by the grey area) around the mean for the Ka=1 and Ka=36 cases. For Ka=36, the 
highly stretched flame seems to provide an upper bound for the spread in the data. In 
general, for these thermo-diffusively unstable flames, the standard deviation about the 
mean is large even for the least turbulent flame i.e. Ka=1. For example, for the reaction 
H+O2(+M)→HO2(+M), the peak standard deviation is 1.4786x103 1/m3-s. At the same 
temperature, the reaction rate is 1.8755x103 1/m3-s and hence the standard deviation is 
~80% of the mean.  With increasing turbulence intensities, the spread across the mean does 
not change significantly. For the same reaction at Ka=36 the standard deviation and mean 
are 2.605 x103 and 3.6135 x103 respectively leading to a standard deviation that is ~75% 
of the mean. The spread in data is much lower at lower turbulence intensity cases for the 
methane and n-dodecane/air flames which will be noted in the subsequent sections.  
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5.2 Methane 
First the heat release rate and the fuel consumption rate for Ka=1 and 36 are plotted 
in Figure 5.7.  The laminar profiles for unstretched and maximum stretched flames (i.e. 
𝜅/𝜅JQR ≈ 0.96) are overlaid on the same plots in Figure 5.7 as well. Ka=4 profiles are 
similar to the Ka=1 profiles and hence are not shown here explicitly.  
 
Figure 5.7. Variation of fuel consumption (top, left) normalized fuel consumption 
(top, right), heat release (bottom, left) and normalized heat release (bottom, right) 
with temperature for methane/air flames. Black dashed line: Unstretched laminar, 
Black dotted line: Maximum stretch, Blue dashed line: Unstretched Le=1 laminar, 
Blue dotted line: Stretched Le=1 laminar, Orange: Ka=1, Yellow: Ka=36.  
For the turbulence intensities considered here, the conditional means are fairly invariant 
with increasing turbulence. The conditional mean profiles for both heat release and fuel 
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consumption are well represented by the unstretched laminar flame profile. The peak 
temperature for heat release and fuel consumption is 1500K and 1460K for the unstretched 
laminar flame. These values remain unchanged for the turbulent flame profiles. 
Mean reaction rate profiles for key reactions identified in 4.4.3 are plotted in Figure 
5.8. The lower turbulence intensities i.e. Ka=1 (and 4) align well with the unstretched 
laminar flame profile for all the reactions. With increasing stretch, the laminar profiles 
show increased reaction rate at lower temperature (i.e. T < 1200K) for all the key reactions.  
On the other hand, increasing turbulence leads to slightly reduced means at these lower 
temperatures thus portraying a behavior different from stretched flames. For example, 
increasing stretch almost doubles the reaction rate at lower temperatures (i.e. below 1200K) 
for H+O2(+M)→HO2(+M). However, with increasing turbulence intensities this reaction 
shows a slight drop in reaction rate at the same temperatures. However, this difference is 
not significant as the percentage change between the unstretched profile and the Ka=36 
profile at these lower temperatures is below 5%. Overall, all the turbulent profiles align 
closely with the unstretched laminar flame profile. In general, all the reactions show very 
limited sensitivity to increasing turbulence intensities at all temperatures. For example, the 
maximum change between Ka=1 and Ka=36 for OH+CO→CO2+H is ~7% at a temperature 
of ~1600K. The average change across all temperatures for this reaction is ~4%. A higher 
sensitivity of ~13% is seen for the reaction H+O2(+M)→HO2(+M) at ~1645K. The 
dominant heat release reaction of O+CH3→CH2O+H remains fairly invariant with 




Figure 5.8. Variation of reaction rates (left) and normalized reaction rates (right) for 
different reactions with temperature. Black dashed line: Unstretched laminar, Black 
dotted line: Maximum stretch, Blue dashed line: Unstretched Le=1 laminar, Blue 
dotted line: Stretched Le=1 laminar, Orange: Ka=1, Yellow: Ka=36. 
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To quantify the changes in reaction rates between Ka=36 and Ka=1, the fractional 
change of these reaction rates (∆𝑅𝑅) is calculated by taking the difference between the 
normalized reaction rates at Ka=36 and Ka=1. This is plotted in Figure 5.9. 
 
Figure 5.9. Variation of change of reaction between Ka=1 and Ka=36 for different 
reactions for methane flames. 
The strongest sensitivity is shown by the reaction H+O2(+M)→HO2(+M) wherein 
the low temperature reaction rate is reduced by ~10% and the high temperature reaction 
rate is accentuated by ~4%. All the reactions show increased activity for temperatures 
greater than 1500K with increased turbulence intensities. Most of the reactions show 
slightly reduced reaction rates for temperatures less than 1500K. The plot suggests that the 
HCO forming reaction of CH2O+O2→HCO+HO2 shows an increased reaction rate at 
temperatures less than 1500K. This reaction has a negative reaction rate for T < 1200K. 
The reaction rate is slightly reduced at these temperatures with increasing turbulence and 
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hence “less negative” leading to a net positive value for ∆𝑅𝑅.  Reactions of secondary 
importance such as CH3O+H→CH2O+H2 (a key reaction in the secondary pathway for 
CH2O formation) and H+H2O2→HO2+H2 (a key H2O2 consuming reaction leading to a 
secondary pathway for H2O formation) have a strong response to turbulence which can be 
seen in Figure 5.9. Both reactions have a lower reaction rate at Ka=36 till T~1400K. Their 
reaction rates are reduced by ~9-10% in this region.  The relative change in magnitude of 
the reaction rates in plotted in Figure 5.10.  
 
Figure 5.10. Variation of relative difference of reaction rates between Ka=1 and 
Ka=36 for different reactions for methane flames. 
This plot also emphasizes the limited sensitivity of the reaction to increasing 
turbulence intensities. As a comparison, the change in reaction rates is an order of 
magnitude higher in hydrogen flames as shown in Figure 5.4.  
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The relative insensitivity of the reactions can be attributed to the limited change in 
the species response with increasing turbulence intensities as shown in Figure 5.11. It can 
be observed that key species such as fuel(CH4), stable product(CO), high temperature 
radical(OH, H), high temperature stable species (CH2O, CH3) shown in Figure 5.11(a)-(f) 
have a reduced response to turbulence with a maximum variation of <6% at higher 
temperatures between the Ka=1 and Ka=36 cases. These limited responses manifest 
themselves as limited responses in the reaction rates. For example, for the reaction 
CH3+O→CH2O+H, the profiles for CH3 and O (not shown here but similar to high 
temperature radicals) do not change significantly with turbulence leading to a <3% change 
in the reaction rate as seen in Figure 5.9.  
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Figure 5.11. Variation of concentration for (a) CH4 (b) CO (c) CH2O (d) OH (e) H (f) 
CH3 (g) HO2 (h) CH3O with temperature. Black dashed line: Unstretched laminar, 
Black dotted line: Maximum stretch, Blue dashed line: Unstretched Le=1 laminar, 
Blue dotted line: Stretched Le=1 laminar, Orange: Ka=1, Yellow: Ka=36. 
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For most of the species, the unstretched and stretched laminar flame profiles 
provide a good quantitative estimate of the species concentration at all temperatures. For 
example, for CO, the peak deviation between the laminar and turbulent profiles occurs at 
~1450K and this deviation is ~10% from the stretched flame profile and ~12% from the 
unstretched flame profile. For the H radical, the peak deviation occurs at ~1600K. The 
quantitative deviation between Ka=1 and the unstretched and stretched flame profiles is 
~15% and ~30% respectively. The deviation between Ka=36 and the unstretched and 
stretched flame profiles is ~30% and ~15% respectively. This also suggests a closer 
alignment of the lower turbulence intensity profiles with unstretched flames and with the 
stretched flame profile for the higher turbulence intensity cases. However, for certain 
species such as HO2 and CH3O, this alignment is not evident. There are significant 
qualitative and quantitative variations in the concentrations of these species with turbulence 
as shown in Figure 5.11 (g)-(h). For HO2, the peak HO2 concentration occurs at ~900K for 
Ka=1 whereas it occurs at ~1400K for the Ka=36 case. The peak values are reduced by 
~20% between the two cases. Even though the quantitative reduction is captured by the 
two laminar flame profiles, their behaviors are significantly different from the Ka=36 case. 
For the CH3O profiles, there is a qualitative similarity in the laminar and turbulent profiles. 
However, with increasing turbulence, the CH3O concentrations are reduced whereas with 
increasing stretch its concentration is seen to increase which displays a significant change 
in behavior. The physics behind these changes are discussed in details in the next chapter 
wherein altered effects of transport on reactions rates are analyzed.  Even though some of 
the species show significant changes, the reactions involving them may not mirror these 
changes since reaction rates depend on the correlation of the concentration of the involved 
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species and not a single species concentration. For example, the reaction 
HO2+OH→H2O+O2 does not change significantly with turbulence as shown in Figure 5.8 
even though HO2 displays a more dynamic behavior with increasing turbulence (Figure 
5.11(g)). This can be partly attributed to the limited change in OH concentrations which 
exists only at higher temperatures (Figure 5.11(d)). As a result, the species correlation is 
zero at low temperatures and is non-zero at higher temperatures leading to limited variation 
of the overall reaction rates.  
As pointed out earlier, for turbulent flames the means are a representation of the 
physics and there is a variation in data about this mean. Conditional means of reaction rates 
of some key reactions with one standard deviation across the mean (denoted by the grey 
region) are plotted in Figure 5.12. It can be observed that unlike the hydrogen flames, the 
Ka=1 methane/air flames have a much smaller deviation about the mean. For example, for 
the reaction H+O2(+M)→HO2(+M), the peak standard deviation of 30.5 1/m3-s occurs at 
~1600K. This value is 10% of the mean value of reaction rate at the same temperature. For 
the same reaction in hydrogen flames the maximum standard deviation was 80% of the 
mean for Ka=1. With increased turbulence, the standard deviations increase especially for 
temperatures below 1500K suggesting a slight disturbance of the low temperature regions 
compared to the higher temperature region. However, this disturbance is not significant 
enough to alter the flame structure when compared to laminar flames resulting in a close 
alignment of the means with the laminar flame profiles. For Ka=36, the maximum standard 
deviation for the reaction H+O2(+M)→HO2(+M) is 56.6 1/m3-s and is ~17% of the mean 
at the same temperature. This variation is also significantly smaller compared to the 
variation for hydrogen flames at higher turbulence intensities.  
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Figure 5.12. Variation of reaction rates with temperature for different Karlovitz 
number. Black solid line: DNS mean, Black dashed line: Unstretched laminar, Black 
dotted line: Maximum stretch, Grey region: mean± one standard deviation
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5.3 n-dodecane 
Figure 5.13 plots the net heat release and fuel consumption as a function of 
temperature for Ka=1, 12 and 108. The behavior of Ka=4 is similar to Ka=1 and Ka=36 is 
similar to Ka=12 and hence only these three cases are plotted for clarity. The profiles for 
unstretched laminar and the maximum stretched laminar case (i.e. 𝜅/𝜅JQR ≈ 0.97) are 
overlaid for comparison.  
 
Figure 5.13. Variation of fuel consumption (top, left) normalized fuel consumption 
(top, right), heat release (bottom, left) and normalized heat release (bottom, right) 
with temperature for n-dodecane/air flames. Black dashed line: Unstretched laminar, 
Black dotted line: Maximum stretch, Blue dashed line: Unstretched Le=1 laminar, 




The figure indicates that the peak temperature for fuel consumption and heat release 
are not significantly affected by increased turbulence intensity. However, there is a slight 
shift towards high temperature with increasing turbulence intensities suggesting a shift in 
chemistry towards higher temperatures. For heat release, the DNS profiles are well 
represented by the extreme laminar cases as seen in Figure 5.13(right). As expected, the 
Ka=1,4 cases are closer in behavior to the unstretched laminar flame profile. The higher 
turbulence cases (Ka=12-108) behave similar to the highly stretched laminar flame up to a 
temperature of ~1200K. The highly stretched laminar flame reaches a lower equilibrium 
temperature than the unstretched/DNS cases, resulting in its deviation from the Ka=12-108 
results at temperatures beyond 1400K. 
Figure 5.14 plots the variation of reaction rates of some of the key reactions 
identified in Section 4.4.3. The lower turbulence intensities of Ka=1,4 follow the 
unstretched laminar profile well. With increasing turbulence intensities, however the trend 
is not obvious. Response of certain reactions such as HCO+O2→CO+HO2, 
HO2+OH→O2+H2O, CH3+O→CH2O+H is similar to the highly stretched laminar flame 
whereas, the other reactions H+OH+M→H2O+M, H+O2(+M)→HO2(+M), 
CO+OH→CO2+H have a qualitatively similar response to the unstretched laminar flame 
(peak temperature, slope of the curves). A shift of reaction rate profiles towards higher 
temperatures can also be observed. This is more clearly illustrated in Figure 5.15. 
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Figure 5.14. Variation of reaction rates (left) and normalized reaction rate (right) for 
different reactions with temperature for n-dodecane/air flames. Black dashed line: 
Unstretched laminar, Black dotted line: Maximum stretch, Blue dashed line: 
Unstretched Le=1 laminar, Blue dotted line: Stretched Le=1 laminar, Blue: Ka=1, 




Figure 5.15. Variation of change of reaction between Ka=1 and Ka=108 for different 
reactions for n-dodecane flames. 
Figure 5.15 plots the change in reaction rates(∆𝑅𝑅) between the two extreme 
turbulent cases i.e. Ka=1 and Ka=108. ∆𝑅𝑅 is calculated by subtracting the normalized 
reaction rate profile of Ka=1 from the normalized reaction rate profile of Ka=108. This 
shows a positional shift of the profiles in temperature space i.e. if the profiles shift towards 
higher or lower temperatures with increasing turbulence intensities. Thus, ∆𝑅𝑅 < 0 
indicates higher normalized reaction rates for Ka=1 than for Ka=108. The reactions that 
are active below 1200K (i.e. have a non-zero reaction rate at these temperatures), such as 
HCO+O2→CO+HO2, HO2+OH→O2+H2O, and H+O2(+M)→HO2(+M), show relatively 
reduced activity in this temperature range at higher turbulence intensities. These same 
reactions have a relatively stronger high temperature sensitivity i.e. ∆𝑅𝑅 > 0 indicating 
increased activity in this region. On the other hand, the reactions which are active above 
1200K, show very little deviation below 1200K. For example, the high-temperature 
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reaction, CO+OH→CO2+H, shows much higher rates above 1500K. This behavior is also 
seen for the other high-temperature reaction, H+OH+M→H2O+M. The reaction, 
CH3+O→CH2O+H, exhibits an increased activity in the interim range, between 1200-
1500K. It also shows increased rates above 1500K (though not as strong as in the interim 
region). The relative change in magnitude of the reaction rates in plotted in Figure 5.16.  
 
Figure 5.16. Variation of relative difference of reaction rates between Ka=1 and 
Ka=36 for different reactions for n-dodecane flames. 
All the reactions show reduced reaction rates with increased turbulence for temperatures 
below 1500K. The strongest responses are seen for the reactions HCO+O2→CO+HO2, 
O+CH3→CH2O+H and HO2+OH→O2+H2O. The contribution of these reactions reduces 
by ~25-30% for temperatures below 1500K. ~10-15% decrease in reaction rates is seen for 
the reactions H+O2(+M)→HO2(+M) and CO+OH→CO2+H. All the dominant reactions 
involve atleast one high temperature species/radical and show an increase in reaction rate 
at higher temperatures for Ka=108 compared to Ka=1 suggesting a strengthening of the 
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high temperature chemistry with increased turbulence intensities. An interesting feature is 
observed for reactions involving fuel fragments whose rates peak in the low temperature 
region (i.e. below 1200K). Figure 5.17 plots the variation of reaction for two representative 
reactions involving fuel fragments, pC4H9 and nC3H7.  
 
Figure 5.17. Variation of reaction rates (left) and normalized reaction rate (right) for 
different reactions with temperature for n-dodecane/air flames. Black dashed line: 
Unstretched laminar, Black dotted line: Maximum stretch, Blue dashed line: 
Unstretched Le=1 laminar, Blue dotted line: Stretched Le=1 laminar, Blue: Ka=1, 
Yellow: Ka=12, Green: Ka=108. 
A clear systematic shift of the reaction rate profiles towards higher temperature 
region and a reduction in reaction rates can be observed in Figure 5.17. This behavior is 
consistent for all the reactions whose rates peak below 1200K (the temperature of peak fuel 
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consumption). Overall, the response of the reactions to increased turbulence intensities is 
well represented by the two extreme cases of laminar stretched flames, namely the 
unstretched laminar case and the most stretched case (𝜅/𝜅JQR ≈ 0.97) when plotted in 
temperature space. With increasing turbulence intensities all reactions show a movement 
towards higher temperature, particularly those with peak rate occurring in the low 
temperature region. A potential reason for this shift can be explained through the altered 
species concentration with increasing turbulence intensities since the reaction rates depend 
on the correlation between the reactant species concentrations. Figure 5.18 plots the 
conditional concentration means for species involved in the fuel oxidation process. These 
species include the fuel(nC12H26), high temperature radicals (CH3, OH, H), low 
temperature species (CH2O, HO2) and high temperature stable species (CO). For most of 
the species, a shift towards higher temperature can be observed. For species which are 
dominantly produced in the high temperature region, the temperature of peak concentration 
does not change with turbulence. For example, for CH3 the temperature corresponding to 
peak concentration for Ka=1 is ~1300K. This remains unchanged for Ka=12 and Ka=108. 
For OH the peak concentration occurs at ~1600K and for Ka=12 and Ka=108 occurs at a 
slightly higher value of ~1625K. The laminar profiles bound the turbulent means well for 
these high temperature species. However, for low temperature (HO2) and highly diffusive 
species(H2) the laminar profiles cannot capture the turbulent flame trends with increasing 
turbulence. For HO2, the unstretched laminar flame can represent the Ka=1 behavior and 
the highly stretched flame can, to some extent, predict the Ka=12 profile qualitatively and 
quantitatively. However, the Ka=108 cannot be represented by either profile. The same 
observation can be made for H2. A repercussion of this cannot be seen in the reaction rates, 
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which remain bounded by the laminar profiles, since most of the reactions involving these 
species also include a high temperature species. Since the reaction rates depends on the 
correlations of the species and not on the species concentration itself, the reaction rates do 
not show significant changes. As an example, the reaction involving HO2 and OH, 
HO2+OH→H2O+O2 remains bounded as can be seen in Figure 5.14 even though the HO2 
profile does not.  
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Figure 5.18. Variation of concentration for (a) nC12H26 (b) CH3 (c) CH2O (d) HO2 (e) 
OH (f) CO (g) H2 (h) H with temperature. Black dashed line: Unstretched laminar, 
Black dotted line: Maximum stretch, Blue dashed line: Unstretched Le=1 laminar, 





Figure 5.19. Variation of concentration of fuel fragments (a) C6H12 (b) C5H10 (c) 
nC3H7 (d) pC4H9 with temperature. Black dashed line: Unstretched laminar, Black 
dotted line: Maximum stretch, Blue dashed line: Unstretched Le=1 laminar, Blue 
dotted line: Stretched Le=1 laminar, Blue: Ka=1, Yellow: Ka=12, Green: Ka=108. 
It can be observed in Figure 5.19 that the concentration profiles of nC3H7 and C3H6 shift 
towards higher temperatures with increased turbulence intensities which directly 
influences the behavior of the reactions involving these species. For example, for the 
reaction nC3H7+O2→C3H6+HO2, since O2 concentration profile (not shown here) shows 
limited sensitivity to turbulence and exists across the entire temperature space (since the 
reactant mixture is lean), a direct correlation can be seen between the reaction rate profile 
in Figure 5.17 and the species concentration profile for nC3H7 in Figure 5.19(c). It can also 
be noted that for larger fuel fragments which are the first products in the pyrolysis process 
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in this mechanism have an increased concentration at lower temperature which cannot be 
captured by the laminar profiles. This can partly be attributed to the increased fuel 
concentration at lower temperatures with increasing turbulence as shown in Figure 5.18(a). 
The movement of the species profile and the reaction rate towards higher or lower 
temperatures can potentially be understood using altered transport models which is 
discussed in the next chapter.  
To investigate the behavior of the conditional means and its standard deviation, 
Figure 5.20 plots the conditional means with one standard deviation for the heat release at 
the lower and higher Karlovitz number. 
 
Figure 5.20. Variation of heat release with temperature for different Karlovitz 
number. Black solid line: DNS mean, Black dashed line: Unstretched laminar, Black 
dotted line: Maximum stretch, Grey region: mean± one standard deviation.  
Clearly, the spread in the data increases with turbulence intensities. Additionally, 
there are regions in the temperature space wherein values of the heat release cannot be 
captured using the two extreme laminar bounds. For example, at Ka=1, the upper bound of 
the heat release lies outside the unstretched laminar flame bound. However, this difference 
between the unstretched profile and the turbulent flame upper bound is ~8%. This increased 
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spread with increasing turbulence can be seen for different reactions as well. Figure 5.21 
plots some of the mean and the standard deviation about the mean for selected reactions.  
A similar increase in spread with turbulence intensities can be seen for the reaction 
rates as well. For example, for the reaction H+O2(+M) →HO2(+M) the peak standard 
deviation of 38.7 1/m3-s occurs at ~1685K at Ka=1. This value is ~26% of the mean value 
of reaction rate at the same temperature. For the same reaction in hydrogen flames the 
maximum standard deviation was 80% of the mean for Ka=1 and ~10% for the methane 
flames at Ka=1. For Ka=108, the maximum standard deviation is 34.8 1/m3-s and is ~27% 
of the mean at the same temperature. These variations are significantly smaller compared 
to the variation for hydrogen flames are higher turbulence intensities. These flame 
however, do show a larger variation compared to the methane flames. 
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Figure 5.21. Variation of reaction rates with temperature for different Karlovitz 
number. Black solid line: DNS mean, Black dashed line: Unstretched laminar, Black 
dotted line: Maximum stretch, Grey region: mean± one standard deviation. 
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5.4 Conclusions 
This chapter discusses a local analysis of the behavior of the reactions involved in 
the oxidation process for three fuels: hydrogen, methane and n-dodecane. This is 
accomplished by comparing the conditional mean of reaction rates with those obtained 
from equivalent laminar and stretched flame calculations.  
For the hydrogen flames it is observed that the unstretched laminar flames cannot 
represent the behavior for the turbulent flames since lean premixed hydrogen flames are 
thermo-diffusively unstable. For all the reactions, the reaction rates showed an increase 
with increasing turbulence intensity. Additionally, they also showed increased low 
temperature rates for all reactions leading to higher low temperature heat release which has 
been noted in literature by Aspden et al.[12] and Carlsson et al.[14]. For example, the 
reaction H2+O→OH+H, which is a dominant OH producing reaction, shows a 2.5 times 
increase in reaction rate between the Ka=1 and Ka=36 cases. Similarly, the reaction rate of 
the dominant H2O producing reaction. H2+OH→H2O+H almost doubles with increasing 
turbulence intensities. The stretched flame profile represents the increasing turbulence 
trends well and form the upper bound for the reaction rates for the highly turbulent flames. 
These laminar flame calculations however, cannot capture the super-adiabatic temperatures 
reached in the turbulent flames. This occurs due to the enhanced burning in the cellular 
burning regions formed due to the instability. The reaction rates of all the reactions grow 
with turbulence in these super-adiabatic regions. The species response aids in interpreting 
the changes in the reaction rates. All species showed elevated concentration at lower 
temperature leading to higher reaction rates. Finally, the instability also leads to large 
spread in the data even for the weakly turbulent flames. The standard deviations are 
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comparable to the value of the mean and can be as high as 80% of the mean for these 
hydrogen flames.  
For the methane flames, no significant change in reaction rates was observed with 
increasing turbulence intensity. For example, the maximum deviation is observed for the 
reaction H+O2(+M)→ HO2(+M). At ~1000K, the reaction rate for Ka=36 is reduced by 
~5% from the reaction rate for Ka=1. At ~1600K, the reaction rate for Ka=36 is ~10% 
higher than that for Ka=1. This may be due to the unity global Lewis number of the flame. 
Typically, unity Lewis number flames are not significantly affected due to stretch. 
However, the effects of differential diffusion exist and maybe the reason for the changes 
noted. The response of all the reactions closely resembles the unstretched laminar flame. 
The limited sensitivity of the reactions is replicated by most of the species response 
wherein the maximum change is observed for the H radical. Its concentration is augmented 
by ~20% at higher temperatures for Ka=36 compared to Ka=1. Species with low 
temperature activity such as HO2 and CH3O however show significantly different behavior 
at higher turbulence intensities compared to their laminar counterparts. For example, for 
HO2 the peak concentration for Ka=1 occurs at 900K whereas for Ka=36 it occurs at 
~1400K. For CH3O, laminar flame calculations suggest increasing stretch leads to 
increased concentration across all temperature range. However, the highly turbulent flames 
show an opposite trend. The Ka=36 has lower values of peak concentrations and is shifted 
towards higher temperatures compared to the Ka=1 profile. It is stipulated that an altered 
transport due to turbulence may cause this altered behavior of the species and is further 
investigated in the next chapter. Overall, the rate response of the reactions involving these 
species is not dramatic since the reaction rates are a function of the correlation between the 
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species concentration. The spread in the data for these flames is also much lower compared 
to their hydrogen counterpart.  The standard deviations are much smaller compared to the 
value of the mean and is generally ~20% of the mean for these methane flames. 
For the n-dodecane flames, the unstretched and stretched flame profiles well 
represent the turbulent flame means for most of the key reactions. All the reactions portray 
a shift towards higher temperature with increasing turbulence intensities. A maximum 
reduction of ~30% between the Ka=1 and Ka=108 is seen for HCO+O2→CO+HO2 and 
CH3+O→CH2O+H. Beyond 1500K all reactions have an elevated reaction rate at Ka=108. 
Reactions with low temperature activity i.e. the reactions for which the peak reaction rate 
occurs at temperatures less than 1200K show a drastic shift towards higher temperature 
with increasing turbulence intensities. These reactions are also not well represented by the 
two laminar extremes and generally include fuel fragments as reactants. The behavior of 
the fuel fragments mirrors the behavior of the reactions involving them i.e. their profiles 
move towards higher temperatures explaining the reaction rate behavior. The standard 
deviation about the mean is the smallest for the Ka=1 case and increases with increasing 
turbulence intensity. The maximum deviation between ~15-27% can be seen for the 
turbulence cases. These deviations are smaller than the hydrogen flames but larger than the 
methane flames.  
It has been well established here that the response of the reactions is closely tied to 
the response of the species. Turbulence is known to alter scalar diffusivity and transport 
which in turn may lead to altered transport of species and hence altered reaction rates. Even 
though some of the features of the means are captured by simple stretched flame 
calculations, many responses are not understood with this comparison. For example, the 
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altered response of HO2 for methane flames or for the fuel fragments for the nC12H26 flames 
are not explained by the stretched flame calculations. Altered transport models can 




CHAPTER 6. TRANSPORT MODEL COMPARISON 
A well-known effect of turbulence on the flow field is an increased scalar 
diffusivity. Different models for transport are tested here to understand the influence of 
transport characteristics on the reaction rates for laminar unstretched and stretched flames. 
Thus understanding is then applied to explain the behavior of turbulent flames.   
6.1 Discussion of models 
Three categories of models are tested 
(a) Mixture-averaged transport 
(b) Unity Lewis number transport 
(c) Mixture-averaged transport with an additional constant diffusivity 
6.1.1 Mixture-averaged transport model 
Multicomponent diffusion transport model is the most detailed transport model[92]. 
This model, however, is computationally expensive for the calculation of diffusive fluxes. 
Using Hirschfelder-Curtiss[93] approximation for this multicomponent diffusion leads to 
a simplified transport model called the mixture-averaged diffusion transport model[94]. In 
this model, the transport coefficients, heat conductivity, dynamic viscosity and species 
diffusion coefficients are calculated using an averaging procedure. A significant advantage 
of this model over the multi-component diffusion transport is reduced computational costs 
for the calculation of diffusive fluxes which appears in the species and energy equations. 
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This makes the inclusion of detailed chemistry in simulations tractable. The diffusivity of 






where, 𝑌F is the mass fraction of species, i,  𝑋¬ is the mole fraction of species, j,  𝐷¬F is the 
binary diffusion coefficient of species, j, relative to species, i.  
The thermal diffusivity of the mixture, 𝛼KFQ is calculated from the mixture-averaged 
thermal conductivity 𝑘KFQ, mixture-averaged density, 𝜌KFQ and mixture-averaged specific 





This model is implemented in CHEMKIN[74]. 
6.1.2 Unity Lewis number transport model 
This is a simplified model for the calculation of 𝐷F,K and leads to  the elimination 
of terms in the energy and species equations. Lewis number of a species, i, (𝐿𝑒F) is defined 
as the ratio of the thermal diffusivity of the mixture (𝛼KFQ) to the mixture-averaged mass 
diffusivity of species, i(𝐷F,K).  For 𝐿𝑒F = 1, 𝐷F,K is computed from 𝛼KFQ as: 
𝐷F,K = 𝛼KFQ		 (6.3) 
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This definition removes the effect of preferential diffusion of heat and mass and differential 
diffusion of species (since all the diffusivities are the same). This is hypothesized to 
represent the limit where turbulent mixing overwhelms molecular transport and as a result, 
all scalars are transported in the same way[67, 68]. This model is implemented in 
CHEMKIN[74]. 
6.1.3 Mixture-averaged transport model with an additional constant 
This transport models uses the same basis as the mixture-averaged transport 
discussed earlier. An additional constant, 𝐷D is added to  𝐷F,K to mimic the effect of 
increased diffusivity due to turbulence. Since, turbulence moves all scalars the way, a 
turbulent Lewis number (𝐿𝑒D = 𝛼D 𝐷D) can be set to 1. This implies that the turbulent 
thermal diffusivity, 𝛼D can be set equal to 𝐷D, This leads to an altered value for the mixture 
thermal conductivity given by: 
𝑘KFQ,D = 𝑘KFQ + 𝜌KFQ𝑐ghij𝐷D (6.4) 
The typical value for mass diffusivity is O (10-4) m2/s for most species and O (10-3) m2/s 
for lighter species such H2, H. The constant values chosen for 𝐷D are 10-2, 10-3, 10-4, 10-5, 
10-6. These values span multiple orders of magnitude such that the smaller values act as a 
tiny perturbation on  𝐷F,K and the larger values supersede the value of 𝐷F,K. This is 
implemented in Cantera[95] by adding a new transport class. The inlet flow details for the 




This section compares the unstretched and stretched laminar flame profiles for the 
different transport models with the turbulent flame profiles for lean hydrogen/air flames. 
The value of mass diffusivity using mixture-averaged transport for some key species is 
tabulated in Table 6.1.  




𝐿𝑒Ði,h,KAQ Minimum 𝐷F,K 
(x10-4 m2/s) 
𝐿𝑒Ði,h,KF 
O2 3.02 1.09 0.22 1.48 
H2O 4.11 0.8 0.25 1.32 
H2 11.19 0.29 0.91 0.36 
H2O2 3.04 1.08 0.23 1.44 
H 19.02 0.17 1.31 0.25 
OH 4.65 0.7 0.35 0.93 
HO2 3.06 1.07 0.23 1.44 
O 4.74 0.69 0.36 0.92 
 
The minimum and maximum value of the mass diffusivity of H2 and H is an order of 
magnitude higher for the other species. The maximum value of the constant 𝐷D is an order 
of magnitude higher than the mass diffusivity of these light species. The minimum value 
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is two orders of magnitude smaller than the diffusivity for most species and hence 
represents a limit fairly close to the mixture-averaged transport. 
First, the effect of the transport models on heat release is plotted in Figure 6.1. The 
profiles for unstretched and stretched flames are plotted separately to understand the effect 
of altered transport on heat release. The DNS means are then plotted and overlaid with two 
limits: mixture-averaged and 𝐿𝑒=1. 
 
Figure 6.1. Variation of heat release with temperature for different transport models 
for unstretched flames, stretched flames and DNS.  
Unstretched flames for lean hydrogen flames cannot be achieved due to thermo-
diffusive instability. The profiles for the unstretched flames have been shown here for 
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completion. For the unstretched flames, it can be observed that the profile with 𝐷D = 10ÑÒ 
is fairly close to the mixture-averaged transport. This is not surprising since this constant 
is two orders of magnitude lower than the maximum mass diffusivity and one order of 
magnitude smaller than the minimum mass diffusivity of the key species. With increasing 
diffusivity, the unstretched profiles seem to move towards higher values of heat release 
over the entire temperature range ultimately moving closer to 𝐿𝑒=1(in blue) profile. For 
the highly stretched flame profiles, the mixture-averaged transport (in black) has a higher 
heat release, compared to the other transport models, at all temperatures. Increasing 
diffusivity pushes the profiles towards higher temperatures (and towards 𝐿𝑒=1 profile, in 
blue). This can be seen up to 𝐷D = 10Ñ. A further increase in diffusivity leads to a 
significant change in the profile behavior. For 𝐷D = 10Ñ (pink) the profile shows 
negligible low temperature heat release with a peak heat release occurring at a higher 
temperature of ~1150K (compared to ~900K for 𝐷D = 10ÑÓ, 10ÑÒ). For the DNS means, 
with increasing turbulence, an increase in heat release is observed at all temperatures. This 
response is different from the behavior of stretched flames with increasing diffusivity. 
Comparing unstretched and stretched flames, it is observed that increasing stretch increases 
the low temperature heat release. For example, For the mixture-averaged transport, non-
negligible heat release can be seen starting at ~600K whereas for the mixture-averaged 
stretched flame heat release occurs at a temperature as low as 300K. The response of the 
reactions can be dictated by the species response. Figure 6.2 plots the variation of the fuel, 
H2 and a high temperature (and highly diffusive) radical, H with temperature for the 
different transport models.  
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Figure 6.2. Variation of concentration for (a) H2 and (b) H with temperature for 
different transport models for unstretched flames, stretched flames and DNS. 
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For the unstretched flame, increasing diffusivity pushes the fuel concentration profiles 
towards 𝐿𝑒=1(in blue) profile.  For the stretched flame profiles, increasing diffusivity (till 
𝐷D = 10Ñ	) moves the profiles towards the stretched flame 𝐿𝑒=1(in blue) profile and 
𝐷D = 10Ñ shows a good agreement with this profile. With further increase, the profiles 
move past the 𝐿𝑒 = 1 profile. The DNS means move towards higher temperatures with 
increasing turbulence intensities. The Ka=36 profile sits close to the stretched mixture-
averaged profile. For the high temperature radical, H, increasing diffusivity pushes the 
stretched flame profiles towards higher temperatures leading to reduced H concentrations 
in the low temperature regions. For a given transport model, increasing stretch, in general, 
pushes the profiles towards lower temperature. For example, for the mixture-averaged 
transport (in black), the unstretched profile shows a non-zero H concentration starting at 
~700K whereas for the equivalent stretched flame, non-zero H concentration is seen at 
~400K. Similarly, for 𝐷D = 10Ñ non-zero H concentrations for unstretched and stretched 
flames are seen for temperatures greater than 700K and 450K respectively. Increasing 
turbulence intensity has a two-fold effect on the flame; firstly, increased wrinkling of the 
flame and hence increased stretch and secondly, increased scalar diffusivity. These two 
effects have an opposite effect on the concentration profiles i.e. increasing stretch leads to 
increased low temperature activity whereas increased diffusivity pushes the profiles 
towards higher temperatures. With increasing turbulence, the DNS profiles show increased 
H concentration in the low temperature region.  For the turbulence intensities considered 
here, thus, the effect of stretch overpowers the effect of increased diffusivity leading to 
increased H concentration at lower temperatures.  
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Figure 6.3. Variation of concentration for (a) HO2 and (b) H2O2 with temperature for 
different transport models for unstretched flames, stretched flames and DNS. 
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Figure 6.3 plots the concentration variation of low temperature species HO2 and H2O2 with 
temperature. For both the species, increasing diffusivity shifts the profiles towards lower 
temperatures for the unstretched flames. For the stretched flames, increasing diffusivity 
shifts the profiles towards higher temperatures leading to lower concentrations at lower 
temperatures. For example, for stretched flames, at ~400K, the HO2 concentration is 
~0.006 mol/m3 and ~0.002 mol/m3 for 𝐷D = 10ÑÒ and 𝐷D = 10Ñ respectively. Unlike the 
high temperature species, increasing stretch does not have a significant effect on the range 
of temperatures over which these species have a non-zero concentration. For example, HO2 
concentration start increasing from zero at temperatures ~300K for the unstretched and 
stretched flames for all the transport models. Increasing stretch leads to increased 
concentrations across all temperatures for the different transport models. For example, for 
the mixture-averaged transport and for models with 𝐷D = 10ÑÒ, 10ÑÓ, 10Ñ, the HO2 
concentrations for stretched flames are 2-4 times higher than the unstretched flame 
concentrations till ~800K. For higher values of 𝐷D, the concentrations are comparable 
between the two profiles. For HO2, increasing turbulence leads to increased concentrations 
at lower temperatures similar to an increasing stretch behavior.  
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Figure 6.4. Variation of reaction rate for (a) H2+OH→H2O+H and (b) H+O2→O+OH 
with temperature for different transport models for unstretched flames, stretched 
flames and DNS. 
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Focusing specifically on the key reactions, Figure 6.4 plots the reaction rate variation of 
H2+OH→H2O+H (dominant reaction in fuel oxidation) and H+O2→O+OH(a key OH 
forming reaction). For both these reactions, 𝐷D = 10Ñ profile is close to the 𝐿𝑒 = 1 
profile for stretched flames. For highly stretched flames, increasing diffusivity moves the 
profiles towards higher temperature. Increasing turbulence increases the low temperature 
reaction rates for both the reactions and, in general, increases the reaction rates over the 
entire temperature range. This behavior is similar to the response of the involved species 
i.e. H2, OH (similar to H), H, O2(similar to H2) wherein the effect of increasing stretch 
dominates over changes due to altered transport. Rates for reactions involving low 
temperature radicals are shown in Figure 6.5 and Figure 6.6. Similar observations can be 
made for these reactions i.e. increasing diffusivity leads to reduced reaction rates across 
the entire temperature range for stretched flames and, increasing stretch leads to increased 
low temperature reaction rates for a given transport model. This latter behavior is shown 
by the turbulent flame profiles suggesting a stronger effect of stretch on the chemistry of 
hydrogen flames compared to altered transport due to increased diffusivity. The global 
Lewis number for this flame is 0.36, leading to enhanced thermo-diffusive effects. 
Differential diffusion is also enhanced due to the high concentration of lighter species such 
as H2.  For the turbulent flames considered here, the increased diffusivity, due to increased 
turbulence, cannot overshadow the effect of molecular diffusivity and hence the profile 
behaviors are better represented by the stretched flame mixture-averaged profiles.  
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Figure 6.5. Variation of reaction rate for (a) H+O2(+M)→HO2(+M) and (b) 
HO2+H→OH+OH with temperature for different transport models for unstretched 
flames, stretched flames and DNS. 
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Figure 6.6. Variation of reaction rate for (a) HO2+O→O2+OH and (b) 
HO2+OH→H2O+O2 with temperature for different transport models for unstretched 
flames, stretched flames and DNS. 
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6.3 Methane 
This section compares the behavior of stretched and unstretched flame using the 
different transport models for lean methane/air flames. Typical values of mass diffusivity 
of key species are listed in Table 6.2. The maximum and minimum mass diffusivity of H2 
and H is an order of magnitude higher than the other involved species. Note the limited 
variation in the Lewis numbers for a given species based on these diffusivity values.  




𝐿𝑒Ði,h,KAQ Minimum 𝐷F,K 
(x10-4 m2/s) 
𝐿𝑒Ði,h,KF 
H2 16.81 0.29 0.79 0.28 
H 28.61 0.17 1.22 0.18 
O2 4.56 1.06 0.2 1.1 
OH 6.96 0.69 0.32 0.7 
H2O 6.18 0.78 0.22 0.99 
HO2 4.57 1.06 0.21 1.07 
CH3 5.05 0.95 0.22 0.99 
CH4 5.03 0.96 0.23 0.96 
CO 4.53 1.06 0.21 1.07 
CO2 3.62 1.33 0.16 1.42 
HCO 3.98 1.21 0.16 1.42 
CH2O 3.95 1.22 0.15 1.43 
CH3O 3.86 1.25 0.15 1.44 
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The global Lewis number for this flame is 0.96 (i.e. close to unity), calculated using the 
thermal diffusivity and mass diffusivity of the deficient fuel at inlet conditions. For most 
of the other species, the Lewis number is close to unity 
The variations in heat release for the different models for unstretched, stretched and 
turbulent flames are plotted in Figure 6.7.  
 
Figure 6.7. Variation of heat release with temperature for different transport models 
for unstretched flames, stretched flames and DNS. 
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Increasing diffusivity moves the heat release towards higher temperatures and 
progressively towards 𝐿𝑒 = 1 profile for the unstretched flames. 𝐷D = 10ÑÒ profile is 
close in behavior to the unstretched flame profile. This is expected since this value is two 
orders of magnitude lower than typical mass diffusivity values. For the stretched flames, 
increasing diffusivity shifts the highly stretched flame profiles towards higher 
temperatures. The 𝐷D = 10ÑÒ, 10ÑÓ profiles move towards the 𝐿𝑒 = 1 profile. Higher 
values of diffusivity show a further decrease in low temperature heat release and move 
beyond the 𝐿𝑒 = 1 profile towards higher temperatures. This observation emphasizes the 
importance of the absolute value of the diffusivity constant, even though the ratio of the 
thermal and mass diffusivity at these higher values of 𝐷D leads to a unity Lewis number. 
In general, significant variation in behavior is observed when the diffusivity of all species 
is an order of magnitude higher than the mass diffusivity obtained from mixture-averaged 
transport. Comparing the unstretched and stretched flame profiles, for the mixture-
averaged, 𝐷D = 10ÑÒ, 10ÑÓ and 𝐿𝑒 = 1, an increased heat release at all temperatures can 
be observed. For example, for the mixture-averaged transport, the net heat release rate for 
the unstretched flame at 1000K is ~0.15x109 J/m3-s, whereas for the stretched flame this 
value is ~0.25x109 J/m3-s. For the turbulent flame, a significant change in heat release 
cannot be observed. The Ka=36 shifts slightly towards higher temperatures and potentially 
towards	𝐿𝑒 = 1 profile. This behavior is consistent with the behavior of highly stretched 
flames with increasing diffusivity highlighting the importance of increased scalar 




Figure 6.8. Variation of concentration for (a) CH4 and (b) CO with temperature for 
different transport models for unstretched flames, stretched flames and DNS. 
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The effect of the altered transport on fuel and CO concentration is presented in 
Figure 6.8. For unstretched flames, increasing diffusivity moves the fuel concentration 
profiles towards slightly lower temperatures eventually moving towards 𝐿𝑒 = 1 profile. 
For the stretched flames, The 𝐿𝑒 = 1, 𝐷D = 10ÑÒ, 10ÑÓ and the mixture-averaged profiles 
are indecipherable from each other. Higher diffusivities shift the profiles towards higher 
temperatures. For the turbulent flames, there is no noticeable change in the fuel 
concentration profiles and they match well with the mixture-averaged and 𝐿𝑒 = 1 profiles. 
For a stable high temperature species such as CO, increasing diffusivity has a similar effect 
on the concentration profiles for the laminar flames as CH4. For the turbulent flames, there 
is an insignificant change in the concentration profile and they align well with the 
unstretched laminar flame profile. Figure 6.9 plots the concentration profiles for high 
temperature radicals CH3 and H. For CH3, for unstretched flames, increasing diffusivity 
moves the profiles slightly towards higher temperatures without appreciable change in the 
peak concentration. This behavior is seen for the turbulent profiles as well. For H 
concentration, increasing diffusivity, for unstretched flames, pushes the profiles towards 
higher temperatures leading to lower concentrations for T<1300K. For higher 
temperatures, an increase in peak concentration (by ~50%) can be observed with increasing 
diffusivities. On the other hand, comparing unstretched and stretched flames, increasing 
stretch leads to higher concentration H concentrations in the low temperature regions. For 
example, for the mixture-averaged transport, there is a ~50% increase in H concentration 
at ~1000K between the unstretched and stretched flame profile. However, for the turbulent 
flames, there is a slight reduction in concentrations at lower temperatures and increased 
peak concentrations at higher temperatures. These observations are consistent with those 
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for unstretched flames with increasing diffusivity. In general, there is a strong correlation 
between the behavior of unstretched flames with increasing diffusivity and the turbulent 
flames with increasing turbulent intensity. 
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Figure 6.9. Variation of concentration for (a) CH3 and (b) H with temperature for 
different transport models for unstretched flames, stretched flames and DNS. 
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A much more significant impact of turbulence can be seen for the low temperature species 
as shown in Figure 6.10. For both the species, with increasing diffusivity, the unstretched 
and stretched flame profiles move higher temperatures leading to reduced concentrations 
at lower temperatures. For HO2, the peak concentration value occurs at ~750K for the 
mixture-averaged stretched and unstretched flame profiles. However, for the 𝐿𝑒 = 1 
profile there is a reduction in concentration in the low temperature region with the peak 
occurring at ~1300K for both the laminar flames. This same behavior is shown by the 
turbulent flames, wherein increasing turbulence shifts the profiles towards higher 
temperatures with a reduction in concentration in the low temperature region in addition to 
shifting the peak concentration to higher temperatures. Comparing the impact of increasing 
flame stretch, an increase in concentration can be seen for the mixture-averaged, 𝐿𝑒 = 1 
and 𝐷D = 10ÑÒ, 10ÑÓ  between the stretched and unstretched profiles whereas for 𝐷D =
10Ñ, 10Ñ, 10Ñs, there is a significant reduction in concentrations for T <1400K. This 
latter observation is seen for turbulent flames as well.  Concentrating specifically in regions 
where T<500K, it can be observed that the Ka=36 concentrations are lower than that 
predicted by 𝐿𝑒 = 1 profile. This shift beyond the 𝐿𝑒 = 1 further towards higher 
temperatures can be seen for the stretched flames with increased diffusivity. For CH3O, 
similar conclusions can be drawn as HO2 i.e. reduced concentrations and shift towards 
higher temperatures due to increased diffusivity for both laminar models.  Thus, at lower 




Figure 6.10. Variation of concentration for (a) HO2 and (b) CH3O with temperature 
for different transport models for unstretched flames, stretched flames and DNS. 
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Figure 6.11. Variation of reaction rate for (a) O+CH3→CH2O+H and (b) 
HO2+OH→H2O+O2 with temperature for different transport models for unstretched 
flames, stretched flames and DNS. 
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Figure 6.11 plots the reaction rate variation for two key reactions involved in methane 
oxidation. For the dominant heat release reaction, O+CH3→CH2O+H, the laminar profiles 
move slightly towards higher temperatures with ~50% increase in the peak reaction rate 
between the mixture-averaged and 𝐿𝑒 = 1 profile for both the stretched and unstretched 
flames. The turbulent profiles are not significantly impacted by turbulence potentially due 
to the negligible impact of turbulence on the CH3 profiles. In general, for both the reactions, 
increasing diffusivity has a fairly limited impact on the reaction rate profiles and aids in 
pushing the profiles marginally towards higher temperatures. Even though the reaction 
HO2+OH→H2O+O2 involves HO2, which is significantly impacted by turbulence, the 
reaction rate remains invariant due to the presence of OH. OH is produced at higher 
temperatures and is not significantly affected by increased diffusivity. Figure 6.12(a) plots 
the other key heat release reaction OH+CO→CO2+H which involves CO and OH which 
are not impacted significantly by diffusivity for the turbulence intensities considered.  
Figure 6.12(b) plots the reaction rate for H+O2(+M)→HO2(+M) ,which was identified as 
a key player in the hydrogen oxidation process as well. At lower temperatures, the shift 
towards higher temperatures and hence towards 𝐿𝑒 = 1 can be explained by the increased 
diffusivity seen in this temperature regime. Note in this regime, increasing stretch should 
have led to increased reaction rate but, this is not observed for the turbulent flames. An 
increase in the reaction rate at temperatures greater than 1500K can be attributed to the 
increasing diffusivity which leads to increased reaction rates for the unstretched laminar 
flames. Overall, for these reactions, a stronger correlation can be seen between the 




Figure 6.12. Variation of reaction rate for (a) OH+CO→CO2+H and (b) 
H+O2(+M)→HO2(+M) with temperature for different transport models for 
unstretched flames, stretched flames and DNS. 
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Figure 6.13. Variation of reaction rate for (a) H+CH3O→CH2O+H2 and (b) 
H+H2O2→HO2+H2 with temperature for different transport models for unstretched 
flames, stretched flames and DNS. 
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Reactions of secondary importance are affected by these altered transport models similar 
to the dominant reactions. The dominant path for CH2O formation is via CH3. A secondary 
pathway is through CH3O. The reaction H+CH3O→CH2O+H2 is a dominant player in this 
pathway. The effect of increased diffusivity on the turbulent flames mimics the behavior 
of unstretched flames with increasing diffusivity in the lower temperature regime. A similar 
response can be seen for H+H2O2→HO2+H2 (a secondary pathway for HO2 formation).  
For the close to unity Lewis number flames, stretch plays a limited role in 
determining species concentrations and reaction rates for turbulent flames. The only 
species which show a finite stretch response are the low temperature species such as HO2 
for T<700K. In general, all the other species and reaction rates profiles for turbulent flames 











This section compared the behavior of stretched and unstretched flame using the 
different transport models for lean n-dodecane/air flames. Typical values of mass 
diffusivity of key species are listed in Table 6.3. The global Lewis number for this flame 
is 4.36 and is calculated using the thermal diffusivity and mass diffusivity of the deficient 
fuel at inlet conditions. This flame is thus, susceptible to thermo-diffusive effects. 




𝐿𝑒Ði,h,KAQ Minimum 𝐷F,K 
(x10-4 m2/s) 
𝐿𝑒Ði,h,KF 
H 29.34 0.17 1.2 0.17 
OH 7.11 0.68 0.31 0.66 
HO2 4.66 1.04 0.2 1.02 
H2 17.25 0.28 0.78 0.26 
CH3 5.17 0.94 0.22 0.94 
HCO 4.07 1.19 0.15 1.36 
CH2O 4.04 1.2 0.15 1.37 
CH3O 3.95 1.23 0.15 1.38 
CO 4.63 1.05 0.2 1.02 
CO2 3.67 1.32 0.15 1.36 
nC3H7 2.77 1.76 0.11 1.86 
C5H10 2.25 2.16 0.08 2.45 
nC12H26 1.39 3.48 0.05 4.36 
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Pyrolysis breaks down the fuel into fuel fragments. These species are generally 
large and have low diffusivity. Their maximum and minimum mass diffusivity are almost 
1-3 orders of magnitude smaller than the other involved species. On the other hand, lighter 
species such as H2 and H have a much higher diffusivity (almost an order of magnitude 
higher) compared to most of the other species involved.  
 
Figure 6.14. Variation of heat release with temperature for different transport models 
for unstretched flames, stretched flames and DNS. 
Figure 6.14 plots the variation of heat release for unstretched, stretched for different 
transport models and compares them with turbulent flames. Mixture-averaged transport 
and 𝐿𝑒 = 1 are overlaid with the turbulent profiles. For the unstretched flames, increasing 
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diffusivity moves the heat release towards higher temperatures eventually towards 𝐿𝑒 = 1 
profile. For the stretched flames, increasing diffusivity shifts the profiles towards higher 
temperatures as well. Unlike unstretched flames, these stretched flames have a significant 
increase in heat release rates with increasing diffusivity. For example, the peak heat release 
for the stretched mixture-averaged flame is ~1x109 J/m3-s whereas the peak heat release 
for 𝐷D = 10Ñs is ~2x109 J/m3-s. Finally, increasing stretch, pushes the profiles towards 
higher temperatures. For example, for the unstretched mixture-averaged transport, non-
zero heat release can be at ~750K whereas for the equivalent stretched flame, this 
temperature is close to ~900K.  Comparing the different turbulent flame profiles, many 
interesting observations can be made. Firstly, Ka=1 and Ka=4 align well with the 
unstretched laminar flame profile. Secondly, between Ka=1 and Ka=4, a slight increase in 
heat release can be seen for Ka=4 compared to Ka=1. The flame topology does not change 
significantly between these two turbulent flames which can be seen in Figure 4.28. An 
increased turbulence intensity leads to a slightly higher diffusivity leading to the marginal 
increase in heat release. The Ka=12 and 36 profiles move towards higher temperatures, 
have reduced peaks and align well with the mixture-averaged stretched flame calculation. 
This change can be attributed to increased stretched from Ka=1,4 profiles. Another point 
to note here is the alignment of Ka=12, 36,108 profiles with 𝐿𝑒 = 1 and stretched flame 
profiles for T<1200K suggesting a combined influence of diffusivity and stretch in this 
region. Finally, for Ka=108 an increase in peak heat release compared to Ka=12,36 can be 
seen. This observation can be attributed to the effect of increased diffusivity on stretched 
flames wherein increasing diffusivity leads to increased heat release for the highly 
stretched flames.  
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Figure 6.15. Variation of concentration for (a) nC12H26 and (b) CO with temperature 
for different transport models for unstretched flames, stretched flames and DNS. 
 187 
Figure 6.15 plots the variation of fuel concentration and a stable high temperature species, 
CO for the different transport models.  For the fuel concentration, increasing diffusivity, in 
general, tends to shift the profiles towards lower temperatures. Ka=1,4 profiles align 
closely with the mixture-averaged profiles (note the stretched and unstretched flame 
profiles do not significantly change for the fuel concentration). Increasing turbulence 
pushes the profiles towards lower temperatures moving towards 𝐿𝑒 = 1 emphasizing the 
importance of increased diffusivity. For CO, the unstretched profile move towards lower 
temperatures with increased diffusivity. At higher turbulence intensities (and hence 
diffusivity) the flames are seldom unstretched and hence the high diffusivity profiles (𝐷D =
10Ñs, 10Ñ) are not physically achievable in turbulent flames. For stretched flames, the 
profiles move to higher temperatures with increasing 𝐷D. The 𝐿𝑒 = 1 for CO shows an 
increased low temperature concentration compared to stretched flame for mixture-
averaged transport i.e. the stretched flame profiles do not move towards 𝐿𝑒 = 1 profile. 
With increasing turbulence, the turbulent flame profiles move towards higher temperatures. 
This feature is captured by the highly stretched flame profiles with increasing diffusivity. 
Ka=12,36,108 also show a reduced concentration compared to Ka=1,4 at higher 
temperatures. This behavior is consistent with the change from unstretched to stretched 
flames. For example, for the unstretched mixture-averaged transport, the peak 
concentration of CO is 0.32 mol/m3 whereas, for the stretched flame it is 0.25 mol/m3. 
Thus, stretch and diffusivity play a role in determining the behavior of the CO 
concentration profiles. A strong correlation can be seen in the behavior of these species in 
turbulent flames with stretched flames with increasing diffusivity. 
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Figure 6.16. Variation of concentration for (a) CH3 and (b) OH with temperature for 
different transport models for unstretched flames, stretched flames and DNS. 
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CH3 shows a similar behavior as CO as seen in Figure 6.16(a). The CH3 concentration 
turbulent flame profiles are influenced by stretch which is indicated by the reduced peak 
concentration in addition to the reduced low temperature concentration. These profiles are 
influenced by diffusivity as well. It can be observed that Ka=36,108 move beyond the 𝐿𝑒 =
1 profile with a reduced low temperature concentration. This is consistent with the behavior 
of highly stretched flames subjected to increasing diffusivity. The turbulent flame profiles 
for OH concentrations show a similar story wherein the profiles are affected by stretch 
leading to a reduction in the peak concentrations (from Ka=1, 4 to Ka=12, 36) followed by 
a coupled effect of stretch and diffusivity which leads to an increase in the peak 
concentrations (from Ka=36 to Ka=108). The non-monotonicity in the change in peak 
concentrations is captured by these stretched flames with high diffusivity. 
These non-unity Lewis number flames are strongly affected by stretch. Increased 
diffusivity does not overshadow the influence of stretch but couples with it leading to 
concentration profiles that can deviate from 𝐿𝑒 = 1 profile. This is considered the limit 
wherein turbulent mixing takes over molecular transport and the effective thermal and mass 
diffusivity are the same. It should be emphasized here that the value of the diffusivities is 
equally important. A high value of diffusivity, such as 𝐷D = 10Ñs, 10Ñ , are 1-2 orders of 
magnitude higher than the typical values of mass diffusivity and in this high diffusivity 
limit the overall mass diffusivity (𝐷F,K + 𝐷D) and thermal diffusivity (𝛼F,K + 𝐷D) tend to 
𝐷D leading to 𝐿𝑒 = 1 for all species. But the profiles for stretched flames for 𝐿𝑒 = 1 
compared to 𝐷D = 10Ñs, 10Ñ are significantly different. This point is further emphasized 
by the concentration profiles for low temperature species such as CH2O and HO2 in Figure 
6.17 and selected fuel fragments in Figure 6.18.  
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Figure 6.17. Variation of concentration for (a) CH2O and (b) HO2 with temperature 
for different transport models for unstretched flames, stretched flames and DNS. 
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For the highly stretched flame profiles, increasing diffusivities moves the profiles towards 
higher temperatures and reduced concentration are lower temperatures. For example, at 
~700K, the CH2O concentration for the mixture-averaged transport is 8x10-3 mol/m3 
whereas for 𝐷D = 10Ñs this value is 5x10-3 mol/m3. The profiles also significantly deviate 
from the 𝐿𝑒 = 1 profile as can be seen in Figure 6.17(a). For the turbulent flames, as 
expected the lower turbulent intensities of Ka=1,4 align closely with the unstretched 
profile. Increasing turbulence intensities first leads to a drop in peak concentration (for 
Ka=12 compared to Ka=1,4) which is explained by the enhanced effect of stretch, since 
there is a dip in concentration for all transport models between the stretched and 
unstretched flame profiles. Finally, for the higher turbulence intensities (Ka=36,108) the 
concentration profiles move further towards higher temperature regions; a phenomenon not 
captured by the 𝐿𝑒 = 1 profile but clearly shown by the stretched flames with high 
diffusivity. This same conclusion can be drawn for HO2 profiles. The Ka=36,108 profiles 
show a stronger resemblance with the high diffusivity stretched flames profiles opposed to 
the 𝐿𝑒 = 1 profile.  For the fuel fragments in Figure 6.18 there is a strong similarity in the 
response of nC3H7 compared with these low temperature species/radicals. Increasing 
turbulence intensities shifts to the profiles towards higher temperatures and leads to 
reduced peak concentrations; all features captured by stretched flames with increasing 
diffusivity. An interesting feature can be observed for C5H10. Increasing turbulence leads 
to increased concentrations at T<500K for Ka=12,36,108. This feature is also shown by the 
𝐿𝑒 = 1 profile. However, the overall response of the profiles closely follows the stretched 




Figure 6.18. Variation of concentration for (a) nC3H7 and (b) C5H10 with temperature 
for different transport models for unstretched flames, stretched flames and DNS. 
 193 
 
Figure 6.19. Variation of reaction rate for (a) OH+CO→CO2+H and (b) 
O+CH3→CH2O+H with temperature for different transport models for unstretched 
flames, stretched flames and DNS. 
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Focusing on reactions, Figure 6.19, Figure 6.20 and Figure 6.21 plot the variation of key 
reactions with altered transport model. Three common observations for the unstretched and 
stretched flames can be made for OH+CO→CO2+H (Figure 6.19(a)),O+CH3→CH2O+H 
(Figure 6.19(b)),  HO2+OH→H2O+O2 (Figure 6.20(a)), HCO+O2→CO+HO2 (Figure 
6.20(b)) and H+O2(+M)→HO2(+M) (Figure 6.21(a)). Firstly, increasing diffusivity pushes 
the rates towards higher temperatures. Secondly, for lower values of diffusivity (𝐷D =
10ÑÒ − 10Ñ), increasing stretch reduced the peak reaction rates. For higher values of 
diffusivity, the peak rates are comparable. Thirdly, increasing diffusivity first reduces the 
reaction rate (for 𝐷D = 10ÑÓ, 10ÑÓ) and then increases the reaction rates for highly 
stretched flames. Turbulent flame profile associate with each of these observations. The 
first observation supports the reduced low temperature reaction rates. For example, for 
HO2+OH→H2O+O2 the reaction rate at 1000K is ~70% lower for Ka=12,36, 108 compared 
to Ka=1,4. The second and third observations explain the reduced peak reaction rates for 
Ka=12,36 compared to Ka=1,4. Finally, the non-monotonic increase in the reaction rate 
for Ka=108 compared to Ka=12,36 can be explained by the effect of increased diffusivity 
on highly stretched flames. These observations are in line with the behavior of the involved 
species discussed earlier. H+OH+M→H2O+M (Figure 6.21(b)) slightly deviates in 
behavior compared to the other reactions. With increasing diffusivity, the unstretched 
flame profiles move towards lower temperatures and the stretched flame profile do not shift 
considerably in temperature space. This latter observation manifests itself as a limited 
impact on the reaction rate profiles across all turbulent intensities at T<1400K. The second 
and third observations, discussed earlier, hold for this reaction as well.  
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Figure 6.20. Variation of reaction rate for (a) HO2+OH→H2O+O2 and (b) 
HCO+O2→CO+HO2 with temperature for different transport models for 
unstretched flames, stretched flames and DNS. 
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Figure 6.21. Variation of reaction rate for (a) H+O2(+M)→HO2(+M) and (b) 
H+OH+M→H2O+M with temperature for different transport models for unstretched 
flames, stretched flames and DNS. 
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Figure 6.22. Variation of reaction rate for (a) nC3H7+O2→C3H6+HO2 and (b) 
pC4H9+HO2→nC3H7+OH+CH2O with temperature for different transport models 
for unstretched flames, stretched flames and DNS. 
 198 
Figure 6.22 plots the variation of reaction rates for reactions involving fuel fragments using 
different transport models. For these reactions, increasing diffusivity shifts the profiles 
towards higher temperatures for unstretched and stretched flames. Additionally, the peak 
reaction rates are significantly reduced with increasing diffusivity for both the laminar 
flame models unlike the reactions discussed above. In general, for stretched flames, the 
high 𝐷D profiles show a very different behavior compared to the 𝐿𝑒 = 1 profile. The 
change in the turbulent flame profiles with increasing turbulence replicates the behavior of 
stretched flame with increasing diffusivity i.e. reduced low temperature reaction rates and 
reduced peak reaction rate across the entire temperature space.  
Overall, for these n-dodecane flames, the turbulent flames strongly resemble the 
stretched flame behavior with increasing diffusivity.  
6.5 Conclusions 
This chapter discusses the effect of altered transport model on simple laminar 
models: unstretched and stretched flames. The transport models are implemented using the 
basic mixture-averaged transport model with an additional constant 𝐷D. This 𝐷D is intended 
to mimic the effect of enhanced diffusivity due to increasing turbulence. This 
understanding is then extrapolated to understand the behavior of the turbulent flame 
profiles with increasing turbulence intensities for three fuels: hydrogen, methane, n-
dodecane.  
The lean hydrogen flames considered have a global Lewis number of 0.36 and are 
thermo-diffusively unstable. As a result, the unstretched laminar profiles cannot represent 
the physics of these flames. In general, increasing diffusivity leads to a reduction in low 
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temperature activity for highly stretched flames. For example, for the reaction 
H+O2(+M)→HO2(+M), at 500K the reaction rate for the mixture-averaged transport is 
~6000 1/m3-s whereas for 𝐷D = 10ÑÓ  it is ~2250 1/m3-s and for 𝐷D = 10Ñ  it is ~200 
1/m3-s. Additionally, increasing diffusivity also leads to reduced peak reaction rates for 
stretched flames. For instance, the peak reaction rate for H2+OH→H2O+H for the mixture-
averaged transport is 2.2x104 1/m3-s compared to 1.7x104 1/m3-s for 𝐷D = 10ÑÓ and  
1.1x104 1/m3-s for 𝐷D = 10Ñ.	Considering only the effect of stretch, an increase in 
reaction rates across all temperatures can be seen with increasing stretch for a given model. 
For example, the reaction HO2+OH→O2+H2O has a nearly zero reaction rate at 500K for 
the mixture-averaged unstretched flame whereas for the equivalent stretched flame, the 
reaction rate at 500K is 2250 1/m3-s. Focusing on the turbulent flames, all the reaction rate 
profiles display an enhanced reaction rate with increasing turbulence intensity. This 
observation is consistent with that for laminar flames with increasing stretch. Increased 
diffusivity due to turbulence does not seem to play a role in determining the behavior of 
these lean hydrogen flames. These flames have a high concentration of light species such 
as H2 and H. These species are highly diffusive and potentially control the transport 
dynamics. This is also evidenced by the fact that none of the species or reaction rate profiles 
tends towards 𝐿𝑒 = 1 suggesting that molecular diffusivity still holds its character in 
determining the chemistry and chemical pathways for these flames. Thus, the dominant 
effect of turbulence on chemistry is through flame stretch. 
The lean methane flames considered have a global Lewis number of 0.96 (close to 
1). In general, for the species and reactions, increasing diffusivity moves the profiles 
towards higher temperatures for the unstretched and stretched flames. For example, for the 
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reaction OH+CO→CO2+H, the reaction rate for stretched flames with mixture-averaged 
transport at ~1300K is ~300 1/m3-s compared to ~100 1/m3-s for 𝐷D = 10Ñ. Increasing 
stretch for a given transport model shifts the profiles towards lower temperatures. For 
example, the reaction rate for H+O2(+M)→HO2(+M) at 1000K for unstretched mixture-
averaged flame is ~90 1/m3-s whereas the corresponding value for the stretched flame is 
~125 1/m3-s. Increasing turbulence shows a very limited effect on the reaction rate and 
species concentration profile. Marginal changes are observed for reactions such as 
H+O2(+M)→HO2(+M), H+CH3O→CH2O+H2  wherein increasing turbulence moves the 
profiles towards higher temperatures and possibly towards 𝐿𝑒 = 1. Relatively stronger 
effects are seen for low temperature species such as HO2 and CH3O wherein the turbulent 
flame profiles show a substantial shift towards higher temperatures and mimic the behavior 
of stretched flames with increasing diffusivity. However, the behavior of all the reactions 
and most other species is similar to the behavior of unstretched flames with increasing 
diffusivity. Thus, for these flames, diffusivity, as opposed to stretch, drives the chemistry 
and chemical pathways.  
For the lean n-dodecane flames considered here, the global Lewis number is 4.36 
and these flames are hence prone to thermo-diffusive effects. Increasing diffusivity, similar 
to the observation for hydrogen and methane flames, moves the species concentration and 
reaction rate profiles towards higher temperatures. Increasing diffusivity also affects the 
peak concentrations and reaction rates. For example, increasing diffusivity in highly 
stretched flames leads to reduced concentrations for low temperature species such as HO2, 
CH2O, C5H10, nC3H7 and reduced reaction rates for low temperature reactions such as 
nC3H7+O2→C3H6+HO2, pC4H9+HO2→nC3H7+OH+CH2O. For high temperature species, 
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such as H, CH3, and high temperature reactions, such as OH+CO→CO2+H, 
O+CH3→CH2O+H, an increase in concentration/reaction rates is observed with increasing 
diffusivity (𝐷D ≥ 10Ñ) for highly stretched flames. Increasing stretch for a given model, 
in general, leads to a reduced concentration or reaction rate for all considered species and 
reactions. The turbulent flame profiles respond to a coupled influence of stretch and 
diffusivity. The lower turbulent profiles are close in response to the unstretched mixture-
averaged profiles. A further increase in turbulence leads to a reduction in concentration 
and reaction rates similar to an increased stretch response for the laminar flame models. 
Further increasing the turbulence leads to an increase (decrease) in peak concentrations and 
reaction rates for high(low) temperature species and reactions, again consistent with the 
behavior of highly stretched flame with increasing diffusivity. Another point to note here 
is the difference in behavior of the highly turbulent flames with 𝐿𝑒 = 1 transport model. 
Even though this predicts the shift towards higher temperature, it cannot predict the 
qualitative and quantitative changes in the species and reaction rate profiles. As pointed 
out in the text, a high value of the diffusivity compared to species mass (and thermal) 
diffusivity produces an effective Lewis number of unity but the individual values of the 
diffusivity play a role in determining the behavior of the profiles leading to a significantly 
different behavior between the 𝐿𝑒 = 1  and 𝐷D = 10Ñs, 10Ñ profiles. Thus, the turbulent 
flame profiles show a stronger correlation with the behavior of highly stretched flames with 
high diffusivity as opposed to 𝐿𝑒 = 1.  
Aspden et al. [67, 68] noted the transition of the species profiles towards unity Lewis 
number for lean methane flames which has been noted here and suggested a potential 
transition of species for n-dodecane flames towards unity Lewis number. Lapointe et al. 
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[71] also noted a movement of the fuel and fuel fragments towards unity Lewis number for 
n-heptane flames. This analysis suggests that these observations may not be entirely correct 
for all the involved species and reactions rates for all turbulent premixed flames. For flames 
with global Lewis number close to unity, these observations hold true for the flame 
structure and chemical pathways. However, a deviation from unity global Lewis number 
leads to an intertwined effect of stretch and increased scalar diffusivity 
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
This chapter summarizes the results and key findings presented in this thesis. 
Additionally, several avenues of future work are proposed which include continuations of 
the current work and new topics rooted in the lessons learnt from this work.  
7.1 Conclusions 
The primary focus of this thesis has been to investigate the effects of turbulence on 
chemistry through chemical pathways and flame structure for lean premixed flames. 
Investigating this piece of the puzzle is essential, not only for a better understanding of the 
interaction, but also for improving and potentially developing new models for turbulence-
chemistry interactions. With significant improvements in supercomputing facilities, it is 
now possible to perform fully resolved three dimensional simulations of turbulent reacting 
flows with detailed chemistry allowing for the investigation of the influence of turbulence 
on chemistry.  
Three fuels: hydrogen, methane and n-dodecane are chosen. These fuels are 
fundamentally different in behavior; hydrogen is highly diffusive compared to air, methane 
and air are (almost) equally diffusive and n-dodecane is a large chain hydrocarbon with 
significantly lower diffusivity compared to air. Datasets generated using direct numerical 
simulations are used to investigate the effects of turbulence. These results are compared 
and contrasted with simplified laminar models such as unstretched flames, stretched flames 
and perfectly stirred reactors.  
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Chapter 4 discusses a “bird’s eye view” on the effects of turbulence on chemical 
pathways.  A “global” analysis for the chemical pathways, for different metrics such as 
heat release rates and key species consumption and production rates, is performed. The 
integrated reaction rates for turbulent flames are first averaged across the entire “flame” 
surface to provide a single value to represent every Karlovitz number. These are compared 
with integrated reaction rates for stretched flames (zero stretch corresponds to unstretched 
laminar flame) and reaction rates for perfectly stirred reactors. For hydrogen and methane 
flames, there is a strong similarity in the qualitative and quantitative prediction of the 
chemical pathways for the different metrics for all three simulations. For n-dodecane 
flames, the turbulent flame predicted pathways are in close agreement with the stretched 
flame calculations. The PSR predicted pathways are quantitatively different from those 
predicted by the laminar stretched flames and turbulent flames. Qualitatively, the behavior 
of the reactions is consistent with the other two models i.e. for a given reaction, all models 
predict an increasing (or decreasing) trend with increasing stretch, decreasing residence 
time and increasing turbulence. Conditioning of the integrated reaction rates on local 
features such as curvature and fuel consumption reveal a different story.  Even though the 
same dominant reactions are observed for these local conditioning, their qualitative and 
quantitative behaviors can be significantly different from their global counterpart. For 
example, for hydrogen flames, the largest differences are seen at progress variables close 
to the leading edge of the flame whereas the pathways at other progress variables behave 
similar to the global characteristics. For methane flames, different pathways and their 
sensitivity is observed for the negatively curved vs the positively curved elements. For 
example, there is a shift of the dominant heat release reaction from O+CH3→CH2O+H 
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(predicted by the global characteristics) to OH+CO→CO2+H in the negatively curved 
elements. Although these elements show an altered pathway, the integrated heat release 
rates do not change significantly with increasing turbulence. On the other hand, the 
positively curved elements display the same pathways with considerably higher sensitivity 
to turbulence compared to the global characteristics. This higher sensitivity of reactions in 
the positively curved elements is portrayed by n-dodecane flames as well. These local 
effects on chemical pathways is a direct manifestation of the effects of stretch, leading to 
focusing and defocusing of scalars locally and hence altering the local reaction rates. This 
explanation is supported by the strong correlation between the integrated chemical 
pathways for turbulent and stretched flames. Overall, the key finding here is that the 
laminar models (stretched flames in particular) can predict the chemical pathways (from 
integrated rates) for turbulent flames. It cannot predict the local variations in pathways but 
can provide a good quantitative ballpark for the relative contribution of reaction to heat 
release or species consumption/production.   
Chapter 5 “zooms in” on the effects of turbulence on chemistry and discusses a 
local analysis of the chemical flame structure using conditional means of reaction rates and 
species for the different fuels. The conditional means are compared with the equivalent 
stretched and unstretched flame profiles. For hydrogen flames, the unstretched flame 
cannot represent the turbulent flames since these flames are thermo-diffusively unstable 
and form highly curved cellular flames. The stretched flames can predict the increased 
reaction rate of turbulent flames with increasing turbulence intensity. However, the 
reactant-to-reactant opposed flow configuration cannot predict the super-adiabatic 
temperatures characteristic of the leading edge of these hydrogen flames. The stretched 
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flame can predict the increased radical concentration in the low temperature region which 
leads to the elevated rates with increasing turbulence. The reaction rate profiles for the 
methane flames, on the other hand, do not show a significant change with increasing 
turbulence and move slightly towards higher temperatures. In general, the turbulent profiles 
are close to the unstretched flame profiles. However, low temperature species display a 
more dynamic response to turbulence and these effects cannot be captured by the 
unstretched or stretched flame profiles. For n-dodecane flames, all reactions show reduced 
low temperature activity. The most drastic impact of turbulence is seen by the reactions 
with peak activity in the low temperature regions (i.e. below 1200K). The rate profiles for 
these reactions are not bounded by the unstretched and stretched flame profiles. From a 
modeling standpoint, for flames with a global Lewis number close to unity, this analysis 
suggests that’s mean quantities such as heat release, fuel consumption rate, mass fractions 
of major species can be calculated using tabulated chemistry without the usage of detailed 
chemistry in simulations. However, for flames with non-unity Lewis numbers (and hence 
susceptible to thermo-diffusive effects) this may not suffice necessitating the development 
of reduced order models for accurately predicting source terms. 
Chapter 6 extends the results obtained in Chapter 5 to identify potential parameters 
necessary for reduced order modeling. The key idea is to isolate the impacts of increased 
stretch and diffusivity on the reaction rates and species concentration profiles for the three 
fuels. In addition to the unstretched and stretched flame profiles obtained using mixture-
averaged transport, these laminar flame results are obtained for different transport models 
namely, unity Lewis number transport and mixture-averaged transport with an additional 
constant to mimic the effect of increased scalar diffusivity due to turbulence. The chosen 
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constants span multiple orders of magnitude. The thermo-diffusively unstable lean 
hydrogen flames are not significantly affected by increased diffusivity primarily due to the 
high concentration of light species. These species can diffuse very easily and do not need 
the “aid” of turbulence to effectuate changes. Flame stretch enhances the effects of 
differential and preferential diffusion and plays a key role in determining the behavior of 
the reaction rates and species concentration profiles for hydrogen flames primarily leading 
to elevated rates and concentrations over the entire temperature range. The lean methane 
flames considered here do not seem to affected by flame stretch. This may be due to the 
unity Lewis number of the reactant mixture which suppresses the effects of differential and 
preferential diffusion. The movement of the turbulent flame profiles towards higher 
temperatures is similar to the effect of increased diffusivity on the laminar flame models. 
Thus, for these flames, turbulent diffusivity is the leading factor in determining the 
response of the reaction rate and species profiles. The modification of the reaction rate and 
species concentration for n-dodecane turbulent flames is explained through a combined 
effect of stretch and diffusivity. Thermo-diffusive effects play a role for these flames as 
well, since the global Lewis number is greater than 1. Stretch tends to enhance these effects 
and, hence, with increasing turbulence the profile behavior mimics the response of 
stretched flames with mixture-averaged transport. A further increase in turbulence 
introduces the effects of increased diffusivity and the turbulent flame profiles respond to 
both: stretch and diffusivity.  Overall, from this analysis it can be concluded that stretch 
effects cannot be neglected for lean premixed flames with global Lewis numbers not equal 
to unity. Additionally, increased diffusivity is an important factor in determining the 
behavior of highly stretched flame which is replicated in the response of turbulent flames. 
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Another key finding from this analysis is the lack of unity Lewis number profile to provide 
a good estimate for the species and reaction rates. It can, to some extent, predict the 
behavior of flames with a global unity number close to one. However, for non-unity Lewis 
number the turbulent flame profiles do not correlate with the unity Lewis number profiles. 
This observation is particularly relevant, since, typically in turbulent-chemistry 
interactions literature, this is considered the theoretical limit wherein turbulent mixing is 
the dominant player in scalar transport. This analysis emphasizes that, even though higher 
values of diffusivity (compared to the mass diffusivity) lead to an effective unity Lewis 
number, the value of the diffusivity is equally important in determining the behavior of the 
flames subjected to these high diffusivities and is potentially an important parameter to 
consider for reduced-order modeling. 
The work presented here is an important piece in understanding turbulence-
chemistry interactions and providing insight into improvement of the existent turbulent-
chemistry models implemented in LES and RANS. This is particularly relevant in 
combustion modeling where the flame needs to be resolved correctly to effectively 







7.2 Future Work 
This works adds to the relatively new body of work emerging in turbulent-
chemistry interactions. Several interesting questions still remain open in understanding the 
complete physics governing this interaction: 
1. Isolating the impact of H and H2 diffusion 
Clearly, these highly diffusive species affect the diffusivity effects on the flame and its 
chemistry especially when present in higher concentrations. It will be interesting to 
isolate their impact to understand their influence on the diffusivity of the entire mixture. 
This could potentially be achieved by performing more DNS simulations with a fixed 
unity Lewis number for these species and allowing the other species to evolve with 
mixture-averaged transport and vice-versa for the different fuels with varying 
turbulence intensities.  
 
2. 3D simulations for Le=1 turbulent flames  
The Le=1 is a popular transport model in understanding the turbulent mixing limited 
species transport. It will be interesting to compare the detailed transport simulations 
with those from Le=1 transport models and see if the behavior of the three-dimensional 
flames is similar to their Le=1 counterpart. This analysis will also help isolate the 





3. Understanding the impact of turbulence on chemistry during transient 
phenomenon  
The analysis presented in this thesis uses statistically steady, nominally 1D turbulent 
flames and compares their behavior with steady laminar flames. Phenomenon such as 
auto-ignition or blow-off are not steady state phenomenon and the chemical pathways 
analysis should be extended for such transient occurrences. These unsteady phenomena 
may be more susceptible to effects of turbulence especially due to increased diffusivity 
potentially resulting in altered chemical pathways for fuel oxidation.   
From a modeling standpoint, an interesting extension of this work is: 
1. Development of reduced-order models 
Chapter 5 and Chapter 6 illustrate that for unity Lewis number flames, unstretched and 
stretched flame can predict most of the reaction rate and species concentrations 
profiles well allowing for the usage of tabulated chemistry for determining mean 
quantities. However, for non-unity Lewis number flames, the strong thermo-diffusive 
effects lead to additional effects of stretch and diffusivity on the flames. It would be 
useful to develop a reduced order model that can capture these effects since most of 
the fuels such as Jet-A, Jet-B, Diesel, Kerosene etc. used in gas turbine and internal 
combustion engines have characteristics similar to n-dodecane.  
For instance, one of the common models used for turbulence-chemistry interactions is 
the thickened flame model developed by Colin et al.[44] which uses a constant 
multiplier, ℱ, to thicken the flame leading to an altered species diffusivity given by 
ℱ𝐷F. This model has been extended to allow a dynamic calculation of the thickening 
factor, ℱ using a flame sensor function, Ω which is based on a progress variable [96]. 
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The studies in this thesis suggest, for highly turbulent flames, it is essential to 
incorporate the effect of increased diffusivity due to increased turbulence, in addition 
to stretch effects, providing a new approach for modeling ℱ rooted in the physics of 
the problem. The effective diffusivity 𝐷F,JWW = 𝐷F + 𝐷D = 𝐷F(1 + 𝐷D 𝐷F) allowing ℱ 
to be modeled as (1 + 𝐷D 𝐷F). However, the value of 𝐷D cannot be treated as a 
constant (unlike in the simplified model presented here) since, the effective turbulence 
intensity drops through the flame due to increased viscosity with increasing 
temperature. Effective methodology needs to be developed to capture this variation of 
𝐷D and incorporate it in a model.  
This 𝐷D (accounting for variation across the flame) can be used as another dimension 
for chemistry tabulation, in addition to the other existent dimensions namely , a 
progress variables (defined based on temperature or product mass fraction, strain, 
enthalpy etc. [50].  
Accommodating the effect of increased diffusivity in these models will help in 
providing better estimates of the flame structure and, in turn, help in capturing its 
behavior in highly turbulent environments for realistic combustor configurations using 
LES and/or RANS.  
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APPENDIX A. REACTION MODEL SENSITIVITY FOR N-
DODECANE/AIR FLAMES 
 Three reaction mechanisms are tested for n-dodecane/air flames to compare the 
sensitivity of the chemical pathways to the choice of the model. These mechanisms include 
You et al.[89], Luo et al.[90] and Narayanswamy et al.[91].  
A.1 Mechanism details 
You et al. [89] which consists of 56 species and 289 reactions. It is compared with 
those of the more detailed mechanisms of Luo et al. [90] consisting of 106 species and 420 
reactions, and of Narayanswamy et al. [91] consisting of 255 species and 1509 reactions. 
You et al.[89]’s model is derived by appending the USC mechanism[97] for C1-C4 
hydrocarbons with reactions to describe high temperature pyrolysis and oxidation of n- 
alkanes. Luo et al.[90] is derived from the detailed LLNL mechanism[98]. Narayanswamy 
et al.[91] is also derived from the same LLNL mechanism[98]. This reduced mechanism 
they obtained is appended with their older base model for the oxidation of substituted 
aromatic species[99]. Henceforth, we will use the following shorthand for the mechanisms: 
Y1 for You et al.[89],  L2 for Luo et al.[90] and NS3 for Narayanswamy et al.[91]. The 
results from the laminar configurations using the three different kinetics mechanisms listed 




A.2 Results and Discussions 
A.2.1   Key Parameters 
The key parameters for the different laminar models are the extinction strain rate, 
𝜅JQR, the minimum PSR residence time for ignition, 𝜏JQR, and unstretched laminar flame 
speed, 𝑆az. Table A.1 below summarizes the values obtained using the different 
mechanisms. 













Y1 22.3 - 244.4 - 0.16 - 
L2 17.9 19.8% 160.9 34.2% 0.18 12.5% 
NS3 23.7 6.3% 232.9 4.7% 0.15 6.3% 





A similar deviation can be defined for 𝜅JQR and 𝜏JQR. 
It can be observed that the smaller Y1 mechanism captures the values of these key 
laminar parameters very well when compared to the more detailed mechanism of NS3. 
There are higher deviations for the intermediate L2 mechanism. 
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A.2.2   Mechanism Sensitivity 
Heat release and its sensitivity to increasing stretch or residence time are discussed 
for the different mechanisms. Figure A.1 below compares the dominant heat release 
reactions obtained from OPPDIF calculations. 
 
Figure A.1. Variation of normalized heat release with increasing stretch for three 
mechanisms. All three plots have the same y-scale. 
The first clear observation is that the same set of reactions show up as the dominant 
6 heat release reactions. However, within these top 6 heat release producing reactions, the 
relative order varies between mechanisms. For example, in the case, of Y1 the reaction 
HO2+OH→O2+H2O is the dominant heat release reaction. However, this reaction is the 
third dominant reaction for L2 and changes from third to second dominant reaction for NS3 
with increasing stretch rates. Similarly, the reaction of CO+OH→CO2+H is the second 
largest contributor to heat release for L2 and Y1 but is identified as the most dominant heat 
release contributor for NS3. 
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The next interesting observation is the sensitivity of these dominant reactions with 
increasing stretch for the three mechanisms. The trends of the reactions i.e. increasing or 
decreasing and percentage changes with stretch remain fairly consistent across the three 
mechanisms. For example, the fractional change in heat release with increasing stretch for 
the reaction H+OH+M→H2O+M changes by ~40% for L2, Y1 and 35% for NS3. These 
numbers for the reaction CO+OH→CO2+H are ~5% and ~6% respectively.  
Figure A.2 presents this same heat release metric, calculated for the PSR. 
 
Figure A.2. Variation of normalized heat release with decreasing residence time for 
three mechanisms. All three plots have the y-scale. 
Similar to stretched flames, it is observed that the same reactions are responsible 
for majority of the heat release. However, the dominant reactions have varied contributions 
to heat release with respect to mechanisms. For example, the reaction CH3+O→CH2O+H 
is the dominant heat release reaction for the L2 and Y1 mechanisms. However, this is the 
third (or second) dominant heat release reaction at higher (or lower) residence times for 
NS3. For PSR as well, there is a good qualitative match in the behavior of the reactions 
across the three mechanisms. For example, the reaction CH3+O→CH2O+H shows a wide 
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quantitative variation in its contribution to heat release. Its increase in contribution to heat 
release however is fairly consistent across the three mechanisms varying from ~55% for 
Y1 and L2 to ~65% for NS3. H+O2(+M) →HO2(+M) shows a smaller quantitative spread 
and its change in contribution is around ~60% for Y1 and L2 to ~70% for NS3. In general, 
it is observed that Y1 and NS3 have different reaction pathways(quantitatively) but they 
provide similar results for flames speeds, extinction strain rates, auto-ignition delays and 
qualitative behavior of pathways.  
A.3. Conclusions  
The You et al.[89] mechanism used in a DNS dataset is compared with other 
detailed mechanisms of Luo et al.[90] and Narayanswamy et al.[91]. Even though the 
dominant heat release reactions remain the same across the three mechanisms, we observe 
quantitative changes in their contributions with increasing stretch and residence times. 
However, the qualitative response of the reactions is fairly consistent for all the 
mechanisms. For example, the dominant heat release reaction for Y1, HO2+OH→O2+H2O, 
is the third dominant reaction for L2 and second dominant for NS3 for stretched flames but 
shows a consistent increase of ~10% each mechanism. These results set a solid basis for 
the comparison of the laminar flame results with the DNS data set using You et al.[89]’s 
mechanism. Qualitatively, we can understand how turbulence will affect the reactions and 




APPENDIX B. INLET CONDITIONS FOR STRETCHED FLAME 
CALCULATIONS IN CANTERA 
The inlet conditions for the stretched flame calculations presented in Chapter 6 are 
summarized here. 
B.1. Hydrogen 
The inlet conditions are 𝜙 = 0.4, 𝑇{	= 298K, 𝑝	= 1atm, domain length = 0.2m 
Table B.1. Inlet velocities for stretched flames for hydrogen flames 
Diffusivity value (m2/s) Inlet velocity (cm/s) 
𝐷D = 10ÑÒ 57400 cm/s 
𝐷D = 10ÑÓ 57400 cm/s 
𝐷D = 10Ñ 30800 cm/s 
𝐷D = 10Ñ 14500 cm/s 
𝐷D = 10Ñs 14000 cm/s 
 
B.2. Methane 
The inlet conditions are 𝜙 = 0.7, 𝑇{	= 298K, 𝑝	= 1atm, domain length = 0.02m 
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Table B.2. Inlet velocities for stretched flames for methane flames 
Diffusivity value (m2/s) Inlet velocity (cm/s) 
𝐷D = 10ÑÒ 1170 cm/s 
𝐷D = 10ÑÓ 990 cm/s 
𝐷D = 10Ñ 257 cm/s 
𝐷D = 10Ñ 120 cm/s 
𝐷D = 10Ñs 110 cm/s 
B.3. n-dodecane 
The inlet conditions are 𝜙 = 0.7, 𝑇{	= 298K, 𝑝	= 1atm, domain length = 0.02m 
Table B.3. Inlet velocities for stretched flames for n-dodecane flames 
Diffusivity value (m2/s) Inlet velocity (cm/s) 
𝐷D = 10ÑÒ 256 cm/s 
𝐷D = 10ÑÓ 254 cm/s 
𝐷D = 10Ñ 261 cm/s 
𝐷D = 10Ñ 260 cm/s 
𝐷D = 10Ñs 258 cm/s 
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APPENDIX C. CONVERGENCE TEST FOR UNSTRETCHED 
FLAMES IN CHEMKIN 
The unstretched flame speed and the maximum temperature are plotted as a 
function of the solution curvature and gradient for convergence testing.  
C.1. Hydrogen 
 
Figure C.1. Variation of maximum temperature (left) and flame speed (right) as a 
function of solution curvature and gradient for lean hydrogen flames.  
Solution convergence is obtained for CURV, GRAD = 0.001 and is used for all unstretched 
and stretched flame calculations.  
C.2. Methane 
Solution convergence is obtained for CURV, GRAD = 0.001 and is used for all unstretched 




Figure C.2. Variation of maximum temperature (left) and flame speed (right) as a 
function of solution curvature and gradient for lean methane flames. 
C.3. n-dodecane 
 
Figure C.3. Variation of maximum temperature (left) and flame speed (right) as a 
function of solution curvature and gradient for lean n-dodecane flames. 
Solution convergence is obtained for CURV, GRAD = 0.001 and is used for all unstretched 




APPENDIX D. OPPDIF INLET CONDITIONS IN CHEMKIN 
The inlet conditions, stretch rate are summarized here. 
D.1. Hydrogen 
The inlet conditions: 𝜙 = 0.4, 𝑇{	= 298K, 𝑝	= 1atm, domain = 0.02m, 𝜅JQR=10170 1/s. 














1 284 577.5 5.68 10 2635 5257.7 51.7 
2 540 1087.6 10.69 11 2900 5784.6 56.88 
3 800 1605.1 15.78 12 3160 6301.86 61.96 
4 1060 2122.7 20.87 13 3420 6818.8 67.05 
5 1325 2650.3 26.06 14 3680 7335.8 72.13 
6 1590 3177.9 31.25 15 3945 7862.9 77.31 
7 1850 3695.5 36.34 16 4205 8379.8 82.4 
8 2110 4213.1 41.43 17 4470 8905.7 87.57 
9 2375 4740.6 46.61 18 4730 9420.7 92.63 
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D.2. Methane 
The inlet conditions: 𝜙 = 0.7, 𝑇{	= 298K, 𝑝	= 1atm, domain = 0.02m, 𝜅JQR=1213 1/s. 














1 30 49.41 4.07 10 330 645.48 53.21 
2 54 107.73 8.88 11 364 711.59 58.66 
3 89 178.48 14.71 12 399 779.68 64.28 
4 123 244.66 20.17 13 433 845.84 69.73 
5 158 312.29 25.74 14 468 913.98 75.35 
6 192 377.96 31.16 15 502 980.16 80.80 
7 227 445.66 36.74 16 537 1048.2 86.42 
8 261 511.51 42.17 17 571 1114.3 91.86 






The inlet conditions: 𝜙 = 0.7, 𝑇{	= 298K, 𝑝	= 1atm, domain = 0.02m, 𝜅JQR=244 1/s. 














1 25 22.47 9.19 11 77 155.81 63.74 
2 27.5 36.59 14.97 12 80.6 162.63 66.53 
3 34.2 61.45 25.14 13 88 176.48 72.2 
4 38.5 73.72 30.16 14 92.2 184.2 75.35 
5 45.8 91.68 37.5 15 99 196.67 80.45 
6 49.5 100.15 40.97 16 103.8 205.32 84 
7 57.4 116.96 47.85 17 110 216.35 88.51 
8 60.5 123.41 50.48 18 115.4 225.73 92.34 
9 69 140.28 57.39 19 121 234.86 96.08 
10 71.5 145.23 59.41     
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